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Abstract 
A range of potential sulfide-ion conducting materials, some of which are isostructural 
with known oxide-ion conducting electrolytes have been prepared and characterised. 
Various syntheses have involved standard high temperature solid-state ceramic 
methods with pyrolised sealed tube techniques, solvothermal synthesis routes and 
gaseous sulfidation of prepared oxide precursors. Characterisation of complex sulfide 
products has involved a range of techniques including Powder X-ray and neutron 
diffraction, Rietveld structural refinement, bond valence calculations, SEM, ICP, 
UV/vis and temperature programmed oxidation as well as A. C. impedance 
conductivity investigations of prepared complex sulfide materials. Various complex 
sulfide systems have been prepared and characterised during this work including 
MLn2S4 - xLn2S3 (where M= Ca, Sr) (Ln = Nd, Sm) and doped CaNd2. XSm,, S4 
(where x=0-2.0) systems, Ba2In2S5 analogue systems, Ruddlesden-Popper type 
Ba3M2S7 and A3Zr2S7 sulfide systems, doped NaLni. XMXS2 and Ai. XMXS2. X materials 
as well as AB1. XMXS3. V2 (where A= Ca, Sr, Ba, Pb) (B = Ti, Zr, Hf) and (M = Ga, In, 
Y) systems including BaHf1., tZrXS3 solid-solution phases. 
Work has also included a detailed structural investigation into the complete oxidation 
process of the sulfide material Bi2S3 using a combination of temperature programmed 
oxidation mass spectrometry (TPO-MS) and in-situ X-Ray Diffraction (XRD), across 
the temperature range 50°C to 1000°C and the assignment of all intermediate phases 
present, prior to full oxidation of the material. The complete oxidation process of the 
sulfide materials BaZrS3 and Ba3Zr2S7 was also studied across the temperature range 
25°C - 1400°C using X-ray diffraction techniques. The complex sulfide phases 
CaNdSmS4 and CaLn2S4-xLn2S3 and SrLn2S4-xLn2S3 (where Ln = Nd, Sm) have been 
synthesised and fully characterised in the cubic space group I-43d. Work also 
included the development of novel non-stoichiometric sulfide phases of the form 
NaLni. XMXS2., j,, AB1-xMXS3_xn and AI-xMXS2. X doped with various first row transition 
metal cations in order to introduce anion disorder. A novel complex sulfide solid 
solution was prepared in the BaHf1. XZrXS3 system and the variation in structure and 
physical properties across the series were investigated. Work was also focussed on 
the common-ion flux synthesis of Ruddlesden-Popper sulfides such as the material 
Ba3Zr2S7 and into the possible substitution and variation of the A and B cations in the 
structure in order to introduce anion non-stoichiometry. 
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CHAPTER 1 
Introduction 
Synthesis and characterisation of complex sulfide 
materials with potential use as high temperature 
inorganic sulfide-ion conductors 
1. Introduction 
The objective of this PhD study, was the synthesis and characterisation of complex 
sulfide materials for potential application as high temperature sulfide-ion conducting 
ceramics. Various families of compounds have been outlined for synthesis, some of 
which are based on known oxide-ion conducting analogue materials. Recently, 
significant advancements have been made in the development and technology of 
novel fast ion conducting ceramic materials. These ceramics are applied as solid 
electrolytes and one of the major uses of these electrochemical systems, are as solid 
oxide fuel cells. " 2 There are a wide range of inorganic cation conductors such as 
RbAg4I5 and Ag3SBr, 3,4 sodium-ion conducting materials such as Na3PO4 5 and 
lithium-ion intercalation compounds, 6-9 which have been extensively studied. 
Anionic conduction is more structurally hindered than cationic conduction, due to the 
larger relative size of anions, but this type of conduction also occurs. A variety of 
work has been produced on the anionic conduction of fluoride-ions 10,11 based on 
materials of the type PbF2, but the largest area of research to date has been focussed 
on oxygen-ion conducting compounds such as the stabilised zirconias, 12,13 which 
consist of Zr02 doped with rare-earth oxides such as calcium and yttrium. 14 Other 
oxide-ion conductors of interest are the defect fluorite structured Bi203-xY2O3 
materials, 15,16 the oxide-ion and proton conductor Ba2In2O5,17,18 and the recently 
discovered La2Mo2O9.19.20 Ceramic materials, which show sulfide-ion conduction at 
high temperature 21-23 have also been prepared, however much less research has been 
directed towards the development of these new ion conducting ceramic materials. 
More recently, sulfide materials based on oxide conducting compounds, such as 
calcium doped zirconium sulfide have also been synthesised. 24 The main focus of this 
study was to prepare a collection of complex sulfide compounds, e. g. structural 
analogues of known oxide-ion conductors, for screening as potential sulfide anion 
conducting materials. 
1 
1.1. Theory 
1.1.1. Crustal Defects and Non-stoichiometry 
Crystal defects, are the primary way in which solid materials can conduct ions. The 
main types of these crystal defects are described below. 
1.1.1.1. Intrinsic Defects 
Intrinsic defects are ones which occur in pairs and allow charge neutrality to be 
maintained throughout the crystal. Charge neutral defects include the Frenkel and 
Schottky type defects. 
1.1.1.1.1. Frenkel Defects 
A Frenkel-defect occurs when an ion, for example Ag in AgI, moves onto a position 
between lattice sites in the crystal, known as an interstitial. 25 The Frenkel defect 
consists of both the vacancy created and the interstitial. Due to the clustering of like 
charges, relatively small charge dense ions such as sodium have too much repulsion 
to adopt this type of defect. Frenkel defects are particularly common in the silver 
halides. 
1.1.1.1.2. Schottky Defects 
A Schottky-defect consists of a pair of nearby cation and anion vacancies. This type 
of defect involves at least two lattice vacancies, since electroneutrality requires that 
the absence of one ion, also involves the absence of a compensating ion of the 
opposite charge. 7 Schottky defects are found in highly ionic crystals such as sodium 
chloride. Intrinsic defects do not affect the chemical formula or stoichiometry of a 
compound, nor do they affect the long-range order of the crystal lattice. Examples of 
both Schottky and Frenkel defects are shown in Figure 1.1. 
2 
Schottky defect 
Frenkel defect 
Figure I. I. Frenkel and Schottky defects in crystal lattice, large light shaded ions 
represent anions, small dark shaded ions represent cations 
1.1.1.2. Extrinsic Defects 
Extrinsic defects are primarily defects in which the chemical formula of the 
compound is affected and non-stoichiometry is created within the crystal lattice. 
Extrinsic defects can involve both the Frenkel and Schottky type defects, however the 
short range charge neutrality of the system is not preserved in the same way as 
observed with intrinsic defects, as the chemical formula of the compound is altered. 
Also with this type of defect, dopants can be added into the system to create a non- 
stoichiometric compound. There are lour different ways to create a non- 
stoichiometric compound, these involve the oxidation or reduction of the metal cation 
in the lattice, by the introduction of vacancies or interstitials into the system. For 
example, the replacement of cations with a 4+ charge by cations with a 2+ charge in a 
crystal lattice, causes defect anion vacancies to be created, in order to maintain charge 
neutrality. When for example an interstitial cation is introduced into a lattice, the 
lattice relaxation effect is very important in allowing the new atom to enter the lattice 
and to provide stability to the newly disordered system. 
1.1.2. Mechanism of ion migration 
The motion of ions in a crystalline solid occurs primarily by one of two mechanisms. 
When a substituted ion is small, it fits in the gaps (or interstices) of the host lattice. 
Such interstitial ions are typically non-metallic. such as C in Fe. They are usually 
present in low concentrations, and so they always have vacant sites into which to 
move. This is represented in Figure 1.2. 
iii iii i' ji 
Figure 1.2. Motion of interstitial ions through a crystal lattice, large ions represent 
framework Fe ions, small darker ions represent interstitial carbon 
When the substituted ion is larger, such as calcium in Ca, Zri_, O, _, or 
Ca, Cei_, O2_,, it 
must occupy sites on the lattice normally occupied by the lattice ions. A substitutional 
ion will only be able to move it' there is a lattice vacancy nearby. This vacancy 
method of migration is shown in Figure 1.3. 
--º 
) 
)) 
.. 
))} 
>1j 
>>a 
ý1 j Figure 1.3. Diagram showing ionic migration via vacancies in a crystal lattice. 
light spheres represent framework ions, dark spheres represent mobile 
migrating species 
4 
In both cases, the moving ion must pass through a state of high energy. Ions in a 
crystalline material, which are located on their correct lattice position are typically in 
a low energy state and dislocation from these ideal lattice positions are associated 
with a higher energy state. This creates an energy barrier for ionic motion. An ion 
will only jump to an adjacent site when the thermal energy of the lattice is high 
enough to give the ion enough excitation to take it over this activation energy barrier. 
1.1.3. Ionic diffusion in ceramics 
The difference in charge and size mean that the cation and anion species in ceramics 
are strongly restricted to their respective sub-lattices. Diffusion of ion species by 
vacancy motion occurs only within the appropriate sub-lattice, although smaller 
cation species may also migrate as interstitials 27 Mobilities of different species can 
be widely different, the mobility being highest for small, low charge ions. Highly 
charged ions tend to draw in adjacent ions of the opposite charge, reducing the size of 
the channel through which they move and so raising the activation energy required 
for their mobility. Complex defects are often required in order to maintain charge 
neutrality. The principle defects in pure ceramics are Frenkel pairs (vacancy + 
interstitial) or Schottky defect (cation vacancy + anion vacancy). However defects 
can also be generated by non-stoichiometry or by impurity additions. The addition of 
calcium to zirconia replaces some Zr4+ ions with Ca2+ ions - this must be balanced by 
1 oxygen vacancy, which has an effective charge of 2+. Since the diffusing species 
are charged, ceramics of this type are ion conductors. 
1.1.4. Ionic conductors and solid electrolytes 
Ionic conductors and solid electrolytes generally consist of a fixed anion sub-lattice 
with partially occupied cation sites, where the conduction occurs by movement of the 
cations between the sites. Cationic conduction is far more common than anionic 
conduction, due to the relatively small size of cations compared to anions. This makes 
the path of motion of the conducted ions far more sterically hindered in an anionic 
conductor compared to a cationic one. Often ionic conductivity is limited to high 
temperature, where only specific polymorphs of the material will conduct ions e. g. 
5 
the high temperature form of silver iodide, alpha-AgI. The conduction of anions is 
even more structurally demanding, due to their larger size, e. g. 02" 1.32A, and S2' 
1.84A, where movement of the anions through the lattice is more hindered, such that 
significant conduction only occurs at very high temperature. For example, zirconia 
must reach a temperature of 600°C to create a large enough defect concentration of 
vacancies for the zirconia to become an oxygen-ion conductor. 28 Oxygen ion 
vacancies can also be created to allow conduction by chemical doping, e. g. 20 % 
substitution of zirconium in zirconia with calcium or yttrium produces stabilised 
zirconias. The polymorphism of zirconia is well known; it has 3 crystalline phases, 
which are related to the fluorite structure. The first phase is the monoclinic phase, 
which is stable up to 1100°C, the second is the tetragonal phase, which is stable over 
the temperature range 1100°C to 2370°C and the third phase is cubic and is stable 
above 2370°C. The phase transition at 1100°C causes a volume change of 
approximately 10%, this causes a structural disintegration of the zirconia during 
thermal cycling, and so limits their usefulness. However if solid solutions of CaO, or 
Y203 with Zr02 are prepared, the cubic phase can be stabilised to low temperatures. 9° 
30 The replacement of Zr4+ cations by Ca2+ cations also causes defect anion vacancies 
to be created, to maintain charge neutrality. The resultant doped system is represented 
as CaZrl_XOZ_X, and it is the migration of oxide-ions, 02", via these defects that 
primarily accounts for the ionic conductivity of these systems. 
There are certain generalisations of properties, which can be made by relating to the 
example above when searching for new ionic and particularly superionic conductors. 
The system under investigation, should have: 
"A large number of vacancies, to allow motion of ions to vacant sites 
" The vacancies should have similar energy, size and low co-ordination 
"A large number of mobile ions in the system 
" There should be a low potential barrier to the motion of the mobile ions 
"A rigid framework structure, for the ions to migrate through 
" The system should have highly polarisable framework ions 
6 
1.2. Ionic Theory 
Ionic conductors are materials, which exhibit conductivity due to the motion of 
charged ions. In general, the conductivity (6) of a material will be equal to the sum of 
the combined electronic (movement of charge by electrons) and ionic (motion of 
charged ions) contributions, as given by the equation; 
a=Ea; +ae =En; Uj (z; e)+nµee 
If the electronic conductivity is negligible and there is only a single mobile ionic 
species, this reduces to; 
a= ßi + 6e = ni µi (zi e) 
Where n;, µ; and (z; e) are respectively the concentration, mobility and charge of the 
mobile species. In the solid state, ions are able to move via defects, such as vacancies 
and interstitial sites in the crystal lattice. The rate of motion of these ions is greatly 
affected by the structure of the lattice they are present within. Often a jump in ionic 
conductivity on heating corresponds to a structural transition within the host lattice at 
that temperature. 31 
Most ionic solids have conductivity values (a) immediately below the melting point, 
about four orders of magnitude smaller than that of the molten compound. In LiF for 
example, 6 increases from about 10"10 Scm"1 at room temperature to 10'3 Scm 1, just 
below the melting temperature TM = 870°C, on melting a increases to 10 Scm'1. There 
are some solid inorganic compounds, which have values of a similar to that of the 
molten state. 32 These compounds are often referred to as fast ion conductors. The 
high degree of ionic conductivity within these systems is primarily due to levels of 
disorder in a component sublattice of the solid. The most common group of the 
anionic conductors are the oxide-ion conductors such as yttria stabilized based on 
zirconia, with conductivity ((; ) values at 1000°C typically around 10'1 Scm'1. 
However even the undoped crystalline salt NaCl has a conductivity due to sodium-ion 
motion of approximately 10-3 Scm'1 at 800°C. 
7 
The distinction between the various classes of ionic conductor can only be reliably 
made by references to conductivities at specific and preferably, near ambient 
temperatures. 33 In an attempt to quantify the observed conductivities and explain 
other phenomena, such as variation of conductivity with dopant concentration, several 
models of ionic transport have been proposed. These include various statistical 
models, a transport mode theory, a co-operative diffusion mechanism and a zone 
model. The last of these models also goes some way to explaining the dependence of 
other parameters, such as activation energy on composition and also some of the 
ageing effects observed in the fluorite oxides. This ageing phenomenon occurs in the 
range 900 - 1100°C for (8mol%) calcia doped zirconia and is associated with a fall in 
ionic conductivity. This process is attributed to defect ordering, which is even visible 
using electron microscopy. For calcia stabilised zirconia, microstructures consisting 
of CaZr4O9 and intergrowths of Zr02 within the fluorite lattice have been observed. 
Similar processes have also been observed in other oxides. The relationship between 
microstructure and conduction in these materials is important, particularly due to the 
high level of quality control in their production, grain and particle size as well as 
porosity also being additional important factors 34,35 
There has been significant progress recently in the area of bismuth based ionic 
conductor systems, which has been mainly focused on oxide-ion conducting solid 
electrolyte materials. 36 There are doped bismuth systems with oxide-ion conduction 
of degrees of magnitude higher than that of yttria stabilised zirconia at similar 
temperatures. 36 These phases typically show a jump in ionic conductivity, associated 
with a structural transition of the compound, analogous to the structural transition of 
silver iodide at 149°C, from the wurtzite structure to a body centred cubic structure 
and the transition of zirconia at 1100°C from the monoclinic form, to the cubic 
fluorite structure. The associated structural phase changes facilitate an increase in the 
level of ionic conductivity in the material. The high temperature (>1100°C) fluorite 
structure of calcia-stabilised zirconia has anion vacancies generated in close 
proximity to the doped calcium ions, this dopant effect is represented in Figure 1.4. 
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Figure 1.4. Diagram of vacancies generated in the anion sublattice of zirconia by 
the addition of a calcium dopant 
Various doped bismuth oxide systems for example Bi203-SrO and Bi2O; -Y2O3 have 
been studied. Pure Bi2O; exists above a transition temperature of 780"C in a fluorite 
structure with one quarter of the oxygen sites vacant and a subsequently high anionic 
conductivity. Doping of the compound stabilises the conducting phase at lower 
temperatures, but decreases the ionic conductivity. These compounds however, still 
display higher levels of conductivity than those of the stabilised zirconias. The Bi-103 
electrolytes are however, purely ionic conductors only at high relative oxygen partial 
pressures. Other oxides with known anionic conductivity have the perovskite 
structure with conductivity again arising through doping induced defects on the anion 
lattice and related channelled structures. A general theory of ionic transport in 
crystallographic tunnels is discussed by Flygare and lluggins. '' Studies have been 
carried out on many mixed oxide compounds. some having conductivity values = l0-1 
Scm-' at 1000°C, in addition to doped rare earth oxides which also show anionic 
conduction e. g. La-203 (5mol%) SrO. s Compounds, which have the ability to conduct 
anions. particularly oxide-ions have potential use in applications such as solid-oxide 
fuel cells. 
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1.4. Background on complex sulfides 
The sulfides form an important class of minerals that includes the majority of the ore 
minerals. With them are classed the similar but rarer sulfarsenides, arsenides, and 
tellurides. Most sulfide minerals are opaque with distinctive colours and 
characteristically coloured streaks. The general formula for the sulfides is given as 
X,,, Y in which X represents the metallic elements and Y the non-metallic element. 
The sulfides can be divided into small groups of similar structures but it is difficult to 
make broad generalizations about their structure. Regular octahedral or tetrahedral 
coordination about sulfur is found in many simple sulfides such as in galena, PbS, and 
in sphalerite, ZnS. In more complex sulfides, as well as sulfosalts, distorted 
coordination polyhedra may be found. Many of the sulfides have ionic and /or 
covalent bonding, whereas others, displaying most of the properties of metals, have 
metallic bonding characteristics. The term complex sulfides, refers to sulfides with 
two or more metals in the compound, e. g. LaGaS339 or Ba3Zr2S740 One group of 
sulfide compounds which has attracted particular interest are those with the formula 
AM2S4. These chalcogenide compounds can be roughly divided into two main groups, 
those with cubic structures and a high order of symmetry, such as CdCe2S4 (I-43d), 41 
MnGd2S4 (I-43d), 42 CdCe2S4 (Fd-3m) and SrCe2S4 (I-43d) 43,44 and those with an 
orthorhombic structure and a lower order of symmetry, examples being; SrY2S4/ 
BaY2S4 (Pmnb), 45 MgAl2S4 (Pnma), 46 CaSc2S4/ SrSc2S4 (Pnam). 47 Recently particular 
interest has been shown in this group of compounds where A= divalent cation and M 
=a lanthanide. 21-23 These compounds have been shown to possess both pigmentary 
properties, displaying a number of colours from green to yellow to red depending on 
the lanthanide 48,48,49 and in particular cases show sulfide-ion conduction. 21,22 
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1.4.1. Preparation of sulfides 
There are various methods available for the preparation of metal sulfides, 50' 51 some 
examples of which are shown below: 
" Direct reaction of elements: Ca(s) + S(s) -a CaS(s) / 2Nd(S) + 3S(, ) -+ Nd2S3 (s) 
" Reaction of metal oxide with sulfide: CaO(s) + H2S(g) -+ CaS(s) + H20(1) 
" Reaction of metal hydride with sulfide: 2MH3(s) + 4H2S(g) 2MS2(s) + 7H2(g) 
" Reaction of metal halide with sulfide: 2LaC13(s) + 3H2S(g) -ý La2S3(s) + 6HC1(g) 
" Reaction of carbonate with sulfide: MCO3(s) + H2S(g) -* MS(s) + C02(g) +H20(1) 
" Reduction of metallic sulfates: BaS04(s) + 4C(s) -> BaS(s) + 4CO(g) 
" Reduction of a higher sulfide: 2Ce2S3(s) + 2CeH3(s) -+ 6CeS(S) + 3H2(g) 
The preparation techniques, which were predominantly used in this work involved the 
direct combination method for sulfide synthesis combined with the gaseous 
sulfidation of selected oxide materials. 
1.4.2. General properties of sulfides 
There are a series of general properties and synthetic considerations to be taken into 
account when dealing with sulfides as opposed to similar oxide materials. 
" Many sulfides have melting points above those of oxides 
" Sulfides are generally hydrolysed by water 
" Sulfides generally oxidize readily in moist air or in dry air at high temperature 
" Some sulfides possess semi-metallic character and have valuable electronic 
properties 
The oxygen and water reactivity of sulfides is of particular concern in the preparation 
of complex sulfide materials, these are specific preparative conditions, which must be 
employed when dealing with sulfides, the details of which will be discussed later. 
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1.4.3. Electrical properties of sulfides 
Many sulfide minerals which contain first row transition metals act as semiconductors 
because the gap between the metal (3d and 4s) orbitals and the sulfur 3p orbitals is 
small enough to allow electrons from the valence band to be thermally excited into 
the empty conduction band. Schematic band structure diagrams for an insulator, a 
semiconductor, and a metal, are shown in Figure 1.6. The band gap, shown as the 
double-ended arrow, is the energy separation between the top of the valence band and 
the bottom of the conduction band. The size of the band gap decreases in passing 
from an insulator to a semiconductor to a metal. Electron-hole pairs are also shown in 
the diagram for a semiconductor as filled circles in the conduction band (electrons) 
and open circles in the valence band (holes). 
E 
Insulator Semiconductor Metal 
Figure 1.6. Diagram of electronic energy gaps associated with insulator, 
semiconductor and metallic type materials 
The range of sulfide applications is quite diverse. Zinc and cadmium sulfides have a 
lengthy history of use in cathode ray tubes, 52 strontium sulfide has recently become 
important in the conversion of infrared radiation to visible light. 53 Also, various 
sulfides have come under recent scrutiny as new battery materials, largely due to the 
relatively stable forms of metal sulfides in multiple oxidation states and to 
environmental acceptabilities. These battery developments extend from specialized 
military and industrial uses to evaluations directed toward the propulsion of electric 
vehicles. 54 Sulfide applications are derived mainly from the diverse properties 
exhibited by this family of products. For example, many sulfides exhibit "semi 
metallic" behaviour, giving rise to electronic applications. Some are highly refractory, 
with melting points exceeding those of oxides, and are stable during thin film 
formation by vacuum deposition. 
12 
1.5. Ionic conductivity in sulfides 
While considerable focus has been given to oxide-ion conductors, less work has been 
carried out in the field of sulfide-ion conductors. There has been a considerable 
amount of research produced on Na/S electrolytes in the production of sensors and 
battery cell applications. 55-57 There has also been research produced on yttria and 
zirconia doped calcium sulfide systems, which have had applications in sulfur 
concentration measurement. 21 Previous work has demonstrated new potentials of emf 
measurement on galvanic cells involving solid sulfide electrolytes for the 
determination of the sulfur chemical potential of metal-sulfide systems at elevated 
temperatures. 22 K. Ono and co-workers 21 have developed these cells further in the 
investigation of solid sulfide electrolytes. CaS is considered to be a calcium-ion 
conductor, the electrical conductivity of calcium sulfide is however very low, at 
around 3x 10-6 52-1 cm -1 at 730°C. Doping of the CaS system with relatively small 
amounts of Y2S3 or ZrS2 results in cation substitution and an increased level of 
disorder producing vacancies in the system, which lead to an increase in the 
conductivity. 21 Highly elevated temperatures are generally required to generate the 
level of disorder and defect concentrations necessary for sulfides to become 
conductive. The origin of the cooperative interaction between defects which gives rise 
to ionic conductivity in high temperature disordered systems has been discussed 
extensively. 58,59 It was shown that there will be a net coulomb attraction between 
defects up to a limiting concentration. The term lattice relaxation is sometimes used 
to describe how the lattice distorts to accommodate defects within it. This discussion 
is an extension of the Debye-Huckel concept, which suggests that each charged defect 
is screened from defects of similar charge by a cloud of defects with the opposite 
charge within the lattice. 29 Notable examples of recent research into sulfide-ion 
conductivity are presented in the work of Kalinina and co-workers on the MLn2S4 
systems, where M= Ca, Ba and Ln = lanthanide cations. The compounds of this type 
all share the cubic I-43d structure with shared cation sites. The structure of these 
compounds and the distribution of the sulfur and shared metal-cation sites can be seen 
in Figure 1.7. 
13 
Figure 1.7. Diagram of the unit cell structure of MI-1122S4 type sulfide materials, the 
light shaded spheres represent sulfur and the smaller darker spheres 
represent the shared metal-cation sites, both the divalent alkali cation 
and the trivalent lanthanide ions occupy the same site in the lattice and 
the ions are distributed statistically across all cation sites 
The materials and systems produced have been of the form MLn, S4-xLn2S3 where . v- _ 
0-3Omo1%. "'' The conductivity of the compounds was studied using the galvanic cell 
method at 300°C. -ý-' The conduction was determined by structural modelling and 
concentration electrolyte measurements to be predominantly by sulfide-ions with 
some low level, cation contribution to the conductivity. Most semiconducting sulfides 
are non-stoichiometric phases with narrow homogeneity regions and a distinct 
relationship between the electrophysical properties and the extent of the non- 
stoichiometry in the system. The controlled synthesis of chalcogenides and the 
synthesis of compounds with strictly controlled compositions, pose a problem in 
respect to their production using high chalcogen vapour pressures and possible 
thermal dissociation of the compounds at high temperature. This particular task was 
overcome by controlled atmosphere synthesis techniques, which will be discussed in 
chapter 2. Studies of the transport properties of solid solutions based on the CaSm2S4 
compounds showed that these materials could he considered electrolytes with 
practically unipolar conduction by the S2 ion at temperatures above 663K. " l hese 
compounds have also been used in the study of the non-stoichiometry of lead sulfide 
systems. '' The main method of conduction under investigation in this work is defect 
generated vacancy conduction, brought about by selective doping of parent 
compounds with varying concentrations of added dopant ions. 
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1.6. Technological applications 
There are a variety of potential applications for solid state sulfide-ion conducting 
electrolytes, some of which include novel electrolytes for batteries, solid state high 
temperature sulfur detectors, together with possible applications for the removal of 
SOS from exhaust systems of combustion processes and the removal of H2S from 
hydrotreating processes. A schematic diagram of a solid-sulfide electrolyte is shown 
in Figure 1.8. The possibility of transporting ionic species through a ceramic 
membrane (electrolyte) at elevated temperatures creates new avenues for the 
development of novel membrane processes and may also allow the modification of 
catalytic materials deposited onto these electrolytes. 
Exhaust gas 
(containing SO., 1-12S or 
heterocyclic sulfur compounds) 
Cathode 
(catalyst: Pt) 
S 
II Applied 
HrS SO potential 
Solid Sulfide - ion 2- 
conducting electr yt 
1 
S2 
S2 
1 
An ode ' 
(catalyst 1 Pt) 
Sweep gas (H2 , air or He) 
Figure 1.8. Schematic diagram of assembled solid-sulfide electrolyte 
The detection of gaseous species other than oxygen is of particular importance in 
industry for the monitoring of pollutants produced during industrial processes. These 
gases include NO, and SOS together with other toxic sulfur containing compounds. 
Systems have been successfully developed to detect these gaseous pollutant products, 
for example the measurement of SOS using a K-, S04 electrolyte system. `' 
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CHAPTER 2 
Experimental 
2. Experimental 
2.1. Complex Sulfide Preparation Techniques 
2.1.1. Solid State Methods 
The preparation of all samples in the solid state was achieved by homogeneous 
grinding of stoichiometric quantities of highly pure starting materials, using the 
standard pestle and mortar technique. An example of a solid state reaction for the 
preparation of a stoichiometric complex sulfide is shown in Equation 2.1. 
1050"C/36h 
3BaS + 2ZrS2 --+ Ba3Zr2S7 
Equation 2.1. 
There were particular conditions required for the synthesis of complex sulfide 
materials. Due to the reactivity of sulfides with oxygen and moisture at ambient 
temperature, precautions were taken to ensure the sulfide starting compounds were 
not exposed to significant levels of atmospheric oxygen or water. All starting 
materials were combined and ground together in an inert argon atmosphere glove 
box, which excluded oxygen and water to levels of <10ppm 02 and <10ppm H20- 
Samples were reacted using sealed tube conditions, and samples with significant 
calcium content were reacted in pyrolised tubes to minimise reaction with the silica 
vessel. Once samples were fully ground and transferred to the reaction tubes, they 
were evacuated using a rotary pump and vacuum line and weld sealed using an 
oxygen/methane blowtorch. Samples were placed into a protective Inconel alloy work 
tube within a tube furnace, and heated to high temperature (900-1300°C) during 
reaction. A schematic diagram of the tube furnace reaction apparatus is shown in 
Figure 2.1. 
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Tube furnace Inconel work tube 
Figure 2.1. Schematic diagram of tube furnace set-up employed for solid-state 
synthesis reactions 
2.1.2. Solvothermal Methods 
Solvothermal processes are diflerentiated from the standard ceramic synthesis 
methods, by the fact that they involve liquids in the reaction stage. The general 
process of solvothermal reaction involves the heating of the reaction mixture above 
the boiling point of the solvent to increase the mobility and reactivity of the 
constituent reactants. This allows reactions to be carried out at significantly lower 
temperatures with reduced reaction times. These synthetic advantages are primarily to 
do with the particle size of the compounds during the reaction stage. In a solution. 
molecules are dispersed to a far greater extent than the large aggregated regions in 
which solid-state reactions occur. This means that individual molecules can generally 
react together faster and more efficiently. A solvent frequently used for the 
solvothermal preparation of sulfides during this work was the organic co-ordinating 
solvent ethylenediamine. A schematic diagram of the autoclave apparatus is shown in 
Figure 2.2. 
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Sealed evacuated Heating elements 
silica reaction tube 
7 
8 4 
3 
Figure 2.2. Section diagram of autoclave used for solvothermal syntheses 
(1 = end plate, 2= PTFE reaction vessel, 3= rupture disc, 
4= corrosion disc, 5= low pressure top plate, 6= spring, 
7= high pressure top plate, 8= screw lid) 
Sol-gel and solvothermal syntheses were carried out in hydrothermal autoclave 
digestion bombs. The general structure of which consisted of a toughened metal body 
containing a PTFE liner. The reaction mixture was placed inside the inner PTFE 
vessel and the outer metal casing sealed and screwed shut. The sealed autoclave was 
then placed into an oven and heated to temperatures of typically 200°C for a period of 
10 hours. An example of a solvothermal reaction used for the preparation of a 
complex sulfide is shown in Equation 2.2. 
220°C / 10 h 
3AgC1 + 4Ga + 6S --> 3AgGaS2 + GaC13 
Equation 2.2 
2.1.3. Annealing (heat/gas treatment of a prepared phase) 
All prepared complex sulfide materials were annealed in H2S following synthesis to 
ensure sulfur stoichiometry. Annealing was carried out after sample compounds were 
prepared, annealing was generally performed at a lower temperature than that used for 
the initial synthesis (typically 1000°C). The purpose of annealing a compound was to 
remove certain defects and improve the order of the system, particularly in non- 
stoichiometric compounds, which can be quite disordered. The annealing process was 
performed in a sealed tube furnace, with a gas (in this case H2S in H2) being passed 
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over the samples at a positive pressure, into a bubbler attached to the end of the tube. 
Samples were left to anneal for a time comparable to that of the synthesis. The 
general procedure employed for the annealing of samples, was to flush the furnace 
tube with nitrogen for I hour, then heat the tube to 1000°C under a flow of H2S in H2 
(10/90%) for a duration of 8 hours. The samples were then allowed to cool to room 
temperature, under nitrogen. A diagram of the annealing apparatus set-up is shown 
below in Figure 2.3. 
Outlet I--Tube 
furnace -- i Inlet 
valve I Silica reaction tube I valve 4 
ý- II 
f_ 
Samples It 
NZ 1= Bubbler 
solution 
Flow 
restrictor 
Figure 2.3. Schematic diagram of annealing apparatus used for H2S annealing of 
all prepared sulfide samples 
The bubbler and chemical scrubber system used to remove the H2S in the waste gas, 
consisted of a 250m1,10 molar solution of sodium hydroxide, combined with a 
250m1,10 molar solution of sodium hypochlorite. The chemical reaction of the two 
solutions is shown below: 
1. ) E I- S+ 2NaOH H Na 7S + 2H20 
Equation 2.3 
2. ) 2Na 2S + 4NaOCl - 4NaCl + 2Na 7SO4 
Equation 2.4 
Where the first reaction is reversible, the NaOCI was added to convert the Na2S 
produced, to the precipitating salts NaCl and Na 2504. The mixture was magnetically 
stirred during reaction to assist absorption of H, S into solution. 
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2.2. Analytical Techniques 
2.2.1. X-rav Diffraction 
In X-ray powder diffractometry, X-rays are generated within a sealed tube, which is 
under vacuum. An applied current heats a filament within the tube, and causes the 
release of electrons in a process known as thermionic emission. The higher the 
current the greater the number of electrons emitted from the filament. A high voltage 
is applied within the tube, which accelerates the electrons towards a metal target. The 
beam of electrons then strikes the metal target, commonly made of copper, causing 
the ejection of core electrons from orbitals close to the nucleus. Electrons from higher 
energy levels, then fall down (decay) into these lower energy states and emit 
corresponding energy quanta in the form of X-rays (with energy given by E= by 
where E= energy of quanta, v= frequency and h= Planck's constant), amongst other 
radiation. The emitted X-rays are passed through a beryllium window in the X-ray 
tube and filtered. A metal (commonly nickel) filter is used to remove unwanted 
radiation, and the resultant X-rays can be passed through a crystal monochromator, to 
obtain a single X-ray wavelength. The beam of X-rays is then directed onto the 
sample, which has been ground to a fine powder. The powder samples are mounted in 
circular Perspex or aluminium sample holders, which can be rotated to overcome the 
effects of preferred orientation. The diffracted X-rays then pass through an aperture 
and are counted by a standard PSD or scintillation detector. 
The translational symmetry of a crystal structure can be divided into parallel layers, 
by sets of planes, which pass through lattice points. The position of these planes are 
described by their hkl values, or miller indices. The miller indices describe a full set 
of planes, running through a crystal lattice, each separated by a distance known as the 
"d spacing" described by dhkl. This d spacing is related to the diffraction angle, and 
the wavelength, by the equation for Bragg's Law: 
n2 = 2dhk, sing 
Equation 2.5 
When a focused beam of X-rays strikes a polycrystalline powder sample, it is 
diffracted in all possible directions, given by the Bragg equation. During the 
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diffraction experiment, the sample rotates with constant angular velocity, such that 
the angle of incidence of the primary beam changes, while the detector rotates at 
double the angular velocity around the sample, giving data in values of 20. 
Any crystal lattice should display diffraction data from each of its lattice planes, 
which give a corresponding 20 value on the diffraction pattern. During X-ray 
diffraction, the angle (20) is measured by the angle between the arms of the 
diffractometer as they move. A schematic diagram of a powder X-ray diffraction set- 
up is shown in Figure 2.4. 
X- ray tube 
Focus Aperture diaphragm 
KB Filter 
Scattered radiation 
diaphragm 
12e 
t3 
Sample 
Figure 2.4. Schematic diagram of powder X-ray diffractometer 
Detector diaphragm 
Detector 
The collected data are transferred continuously to a computer and processed through 
status display, where a real time profile is generated. Once collected all diffraction 
data were managed by the EVA program, " which had access to the . 
IC PDS diffraction 
database, and all subsequent phase assignment and sample purity analyses were 
carried out using this system. The characteristic set of d-spacings generated in a 
typical X-ray diffraction experiment, provides a unique "fingerprint" of the material 
present in the sample. The diffractometer software processes this data and a 
diffraction pattern is produced as shown in Figure 2.5. 
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Figure 2.5. Example of powder X-ray diffraction pattern, axes are intensity 
(counts) vs scanning angle (2-theta) 
Powder diffraction data were collected using a Bruker D8 diffractometer with 
monochromated CuKaI radiation. Collection times varied depending on the nature of 
the data required, for example basic phase purity was determined with data collected 
over a period of 20-30 min, whereas data collected for Rietveld analysis could take up 
to 16h. 
2.2.2. Neutron Diffraction 
Neutrons scatter by interacting with the nucleus of an atom rather than the electron 
cloud. The neutron scattering length b is a nuclear property describing the interaction 
between the neutron and the atomic nucleus. The value of b varies randomly across 
the periodic table and also between isotopes of the same element. This means that the 
scattering power (cross-section) of an atom is not strongly related to its atomic 
number, unlike X-rays where the scattering power increases in proportion to the 
number of electrons in the atom. This means with neutrons it is easier to detect light 
atoms in the presence of heavier ones, and neighbouring atoms in the periodic table 
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can potentially be easily distinguished. The interaction of neutrons with the nucleus 
of an atom is weak, this makes them a highly penetrating probe, allowing the 
investigation of the interior of materials, rather than just the surface analysis 
permitted by techniques such as X-ray scattering, SEM or other optical methods. 
The wave nature of the neutron means it is possible to describe its energy using the de 
Broglie equation: %=h /mv (where ? is the wavelength, h is plank's constant, in is the 
mass and v is the velocity of the neutron). Neutrons have wavelengths similar to 
atomic spacings 1.5A, allowing diffraction measurements to be performed. Modern 
accelerator-based neutron sources use a linear accelerator or "linac" usually together 
with a synchrotron ring, to accelerate a beam of protons to very high energy 
(-80OMeV). The proton beam is then fired at a heavy metal target (tantalum/uranium 
or tungsten) and neutrons are produced by the spallation process. Spallation is a 
process where the protons impact the target nuclei and destabilise it, resulting in the 
emission of neutrons, as well as some light nuclear fragments. Each proton produces 
around 15 neutrons for a non-fissile target. The wave-like properties of the neutron 
were first demonstrated by means of diffraction by Mitchell and Powers in 1936,2 
with their radium-beryllium experiment. Conventional diffraction experiments such 
as PXD use a monochromatic beam of known wavelength a,, incident on the sample. 
The scattered radiation is measured as a function of scattering angle 20, either by step 
scanning a small detector or by using a position sensitive detector (PSD) covering a 
range of scattering angles. In time-of-flight diffraction, the sample is irradiated with a 
pulsed "white" beam, containing neutrons of many different wavelengths. The 
neutrons travel a known distance, from the source via the sample to the detector, 
which is positioned at an angle 20, and their arrival times at the detector are recorded 
in milliseconds. TOF data can be readily converted into d-spacings using the 
expression: 
t=(2dmnlsing)/h 
Equation 2.6 
Where m = mass of a neutron, 1= the total neutron flight path, 20 = the scattering 
angle and h= Planck's constant. A fundamental feature of the time-of-flight 
technique is its ability to measure a complete diffraction pattern using a fixed 
detector. In order to reduce count times, there are multiple detectors used, which are 
arranged into banks, each bank having its own characteristic resolution, d-spacing 
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range and count rate. Time of flight (TOF) data were collected over a period of 8 
hours, from the C bank of the POLARIS diffractometer at the Rutherford Appleton 
Laboratory 8 and analysed for this work. 
2.2.3. The Rietveld method 
The Rietveld method 3,4 allows the determination of the structure of a material using 
powder diffraction data. Rietveld analysis works using non-linear least squares fitting 
to optimise (refine) the parameters. The diffraction pattern is recorded as a collection 
of numerical intensity values (y; ), collected at several thousand equal increments (i) 
across the entire pattern. The best-fit corresponds to the best least square fit to all 
values of y; in the pattern simultaneously. Approximate values must be used initially 
for all parameters that will be fitted, then the refinement software is allowed to 
optimise a small subset of the parameters, a minimal number of parameters, which 
must be fitted before any progress can be made. Additional parameters are then 
selected to be refined, until all parameters in the model are refined. The quantity 
minimised in the least-squares refinement process is the residual Sy. This value is 
given by the equation: 
sy=EWi(Yi Yci2 
Equation 2.7 
Where w; =1 /y, 
yj = observed intensity at the e step 
yc; = calculated intensity at the t' `h step 
Typically many Bragg reflections can contribute to the intensity (y; ) observed at any 
arbitrarily chosen point (t) in the pattern. The calculated intensities (y j) are 
determined from the structural model by summing all the calculated contributions 
from neighbouring (within a specified range) Bragg reflections and the background: 
Yei =SE Lkj Fk12 0 (2e1 - 20k)PkA +Ybi 
Equation 2.8 
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Where 
S= scale factor, 
k= Miller indices, hk1, for a Bragg reflection, 
Lk = contains Lorentz polarisation and multiplicity factors, 
0= reflection profile function, 
Fk = structure factor for the kth Bragg reflection, 
Pk = preferred orientation function, 
A= an absorption function, 
ybi = background intensity at the ith step 
Selected structural parameters such as atomic positions, lattice parameters, 
temperature factors and site occupancies can be refined, together with instrument 
dependant parameters such as background, scale factors, peak shape, zero error and 
absorption correction. 
The background intensity (yb) can be obtained by operator-supplied table of 
background intensities or linear interpolation between operator-supplied points in the 
pattern or as a specified background function. The background intensity at 29; is 
obtained with an operator-specified background position from the following 
expression: 
Ybi = Bm [(2Oi /BKPOS) -1]m 
Equation 2.9 
Where BKPOS is the background position that is user-specified in the input file. 
Since a comparison of intensities is performed at every point, it is essential for the 
construction of the calculated profile to accurately describe the peak shape of the 
Bragg reflections. The instrument used generally dictates peak shape, for the Bruker 
D8 machine used in this case, the peak shape is pseudo-Voigt and is described by the 
equation: 
qL + (1-i1) G 
Equation 2.10 
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Where L and G are the Lorentzian and Gaussian contributions to the peak shape and r) 
is the mixing parameter, which can be refined as a linear function of 20: 
1I =NA+NB(2e) 
Equation 2.11 
where NA and NB are refinable parameters. 
The reflection profile function 0, approximates the effects of both instrumental 
features (including reflection-profile asymmetry) and specimen features such as 
absorption and specimen-caused broadening (e. g. crystallite size and microstrain 
effects) on reflection profiles. 
For angle dispersive data, the dependence of breadth H of the reflection profiles, 
which is measured as Full-Width-at-Half-Maximum height (FWHM), has been 
modelled by Caglioti: 9 
H2=Utan20+Vtan0+W 
Equation 2.12 
Where U, V and W are the refinable parameters. 
Specimen defects such as microstrain and small crystallite size, which cause a 
broadening of the diffraction pattern profile, are not angle dependant. A mathematical 
process known as convolution is used to model this contribution. 
h(x) = Jg(x> f(x-x) dx' 
Equation 2.13 
Where x= (20, - 20k), x' = the variable of integration in the same x domain, g(x )= 
the instrument profile function, f(x) = the intrinsic diffraction (specimen broadening) 
profile function and h(x) = the resulting observed profile function. 
Preferred orientation will arise if there is a strong tendency for crystallites in a 
specimen to be orientated more in one way or one set of ways than in all others. The 
preferred orientation will produce systematic distortions of the reflection intensities. 
So corrections have to be made i. e. the distortions can be mathematically modelled 
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with preferred orientations (Pk). 3'4 This was implemented in Rietveld's early 
programs as: 
Pk = exp(-G1 ak2) or Pk = [G2 + (1-G2) exp(-Gl ak )] 
Equation 2.14 
Where GI and G2 are refinable parameters and ak is the angle between the presumed 
cylindrical symmetry axis and the preferred orientation axis direction. Pk is useful if 
the degree of preferred orientation is not large when combined with data from a 
standard 0- 20 X-ray diffractometer, thus improving the fit. 
The structure factor is an important variable, which is taken into account during 
Rietveld refinement and is given by the equation: 
Fk = 1, N,; f exp[2iri(hxj + ky, + lz)] exp[-MJ 
Equation 2.15 
Where NN is the site occupancy multiplier for the jth atom site (This is the actual site 
occupancy divided by the site multiplicity), h, k, and 1 are Miller indices, xj, yj and zj 
are position parameters of the j' atom in the unit cell, f is an X-ray scattering factor 
and M=8 us2sin2 9/x, 2 where use is the root-mean square thermal (and random static) 
displacement of the jth atom parallel to the diffraction vector. 
The Rietveld refinement process will adjust the refinable parameters until the residual 
(Sy) is minimised, i. e. the "best fit" of the calculated pattern to the observed pattern is 
obtained. The "best fit" is dependant on the accuracy of the model used. This process 
needs indicators that are reported at each iterative cycle, which show whether the 
refinement is improving and if it is near completion. The R,,, p numerator is the 
residual (Sy) being minimised, which best reflects the progress of the refinement. As 
the RWp value gets smaller, the overall fit of the model improves. There are various 
software programs available for Rietveld refinement analysis, the program used in 
this work was GSAS. 10 
29 
2.2.4. General Structure analysis system (GSAS) 
GSAS is a well-known programme used for structure refinement via the Rietveld 
method. The GSAS suite of programs can be applied to both X-ray and neutron 
diffraction data. These types of data can be obtained from either angle dispersive 
(fixed wavelength) or from energy dispersive, e. g. time of flight data sources. Powder 
X-ray data for Rietveld refinement were collected over the 20 range 25 - 110°, with a 
step size of 0.014° from a Bruker D8 diffractometer, 6 over a 15-hour period. Selected 
(TOF) time of flight neutron data were collected in mSec, over an 8-hour period from 
the C bank of the POLARIS diffractometer at the Rutherford Appleton Laboratory. 8 
The structure factors (Fph) for single crystal and powder data are computed in the 
standard way from atomic coordinates, atom form factors and temperature factors and 
the same expressions are used for both X-rays and neutrons. For the powder case, 
there is a set for each phase (p) in each histogram (h). The expression is the usual 
complex quantity: 
Fph = Aph +I Bph 
Equation 2.16 
Where A and B are the real and imaginary parts of the structure factor. If the structure 
is centrosymmetric and the inversion center is located at the unit cell origin then B is 
zero. The observed intensity is related to the square of this quantity and is calculated 
for all diffraction data: 
Fc2 =A 2 +B 2 
Equation 2.17 
Atomic X-ray factors, which include contributions from anomalous dispersion, are 
modified by atomic site fraction (x) and by thermal motion (7) to give: 
F=xT"(fo+f'+if') 
Equation 2.18 
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The expressions for A and B can be broken down into three components each: 
A =Ao+A'-B 
Equation 2.19 
B=Bo+B'-A 
Equation 2.20 
Where sums are over the unit cell contents and: 
. _, x1 
T'' f0 cos 2nh. r Ao =I 
A'= E xi T "; f; cos 2nh. r 
Bo =>ixiT"; fo, sin2ich. r 
B' =fix; T"; f', sin 2; h. r 
A"=ýx; T", f"; cos2ich. r B"=I x1T", f", sin2nh. r 
In the powder case the averaging process means that the intensity for a single 
reflection includes contributions from Friedel reflection pairs. Therefore these 
components must be differently combined to represent powder intensity: 
F_ (A, +A')2+B"z+ (Bo+B)2+Az 
Equation 2.21 
In GSAS the atomic coordinates, site fractions and thermal motion parameters are 
refinable quantities. Anomalous dispersion contributions (f'' and f") for X- rays are 
also refinable. 
Temperature factors for this system are expressed as U10 or u j, where the thermal 
correction to the structure factor is: 
T" =e -(8 U10 sine B/A, 
2) 
Equation 2.22 
Where B10 = 8m2U; SO and ß; j =2a; * aa* uj 
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The total normalized profile intensity (I, ), at any point in a powder diffraction pattern, 
has contributions from nearby reflections and from background scattering. The 
reflection contributions are calculated from the structure factors and are corrected for 
all geometric and sample dependent factors such as absorption, extinction or preferred 
orientation. The background, (Ib), can be modelled by using a well-behaved empirical 
function, and a diffuse scattering contribution term (Id), can also be included. The 
general expressions for intensity are: 
I= I'o / WI; (for time of flight data) 
Equation 2.23 
I= I'o /I; (for constant wavelength data) and 
Equation 2.24 
Ic=Ib+Id+Sh1Sph+Yph 
Equation 2.25 
Where I'o is the number of counts observed in a channel of width W, I; is the incident 
intensity, Ib is the background value, Sh is the histogram scale factor, Sph is the 
individual phase scale factor within a histogram and Yph is the contribution from the 
n reflection of the ph phase. A weight, w, is assigned to each Ia from consideration 
of the variances in both I'a and J. The sum involves all those reflections, from all 
phases within the sample, which are sufficiently close to the profile point to make a 
significant contribution. 
There are currently nine background functions, which are available in GSAS for the 
fitting of powder diffraction data, each function has a maximum of 36 possible 
coefficients. The Chebyschev polynomial has been consistently used for this work 
and is defined by the equation: 
X=[2(T-Tmir)/ 'max-Tmtn%-1 
Equation 2.26 
Where T,, i,, and Tm, are the actual range of data used in the calculation. T is in msec 
(TOF) or degrees 20 (CW). 
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The background intensity is calculated from: 
Ib=ýB>T,; 
-1 
Equation 2.27 
The values of BB are determined by least squares fitting during the Rietveld 
refinement of the powder pattern. 
The contributed intensity, (Yph), from a Bragg peak to a particular profile intensity is 
dependant on several things. While the value of the structure factor and the amount of 
the particular phase present will determine the total contribution, the intensity is also 
affected by the peak shape and peak width in relation to its position. Extinction, 
absorption and geometric factors also have an effect. The contributed intensity from a 
Bragg peak to a profile intensity is given by: 
Yph - 
Fph H(1-Tpti)Kph 
Equation 2.28 
Where Fph is the structure factor for a particular reflection, H(T-Tph) is the value of 
the profile peak shape function for that reflection at a position T, which is displaced 
from its expected position. Tp,, and Kph are the products of various geometric and other 
correction factors obtained for that reflection. The contribution a given reflection 
makes to the total profile intensity depends on the shape function for that reflection 
profile, width coefficients and the displacement of the peak from the profile position. 
The locations of the peak are given in centidegrees 20. The reflection position in a 
constant wavelength experiment is obtained from the Bragg equation (Eq. 2.5) The 
expression for the reflected position is: 
Tph = 200s1n' [2, h/2dp] + ZERO 
Equation 2.29 
For the Bruker D8 system a single wavelength value along with zero value was used. 
For conventional sources the wavelength is well known and tabulated and for 
synchrotron sources a calibration of the single wavelength with a standard sample can 
be performed. 
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An assessment of the fit of a particular refinement, can be made quantitatively using 
the following reliability factors; intensity (R; ), expected (Rexe) and weighted profile 
(R,,, p) The latter two of which are then compared, to form the equation for the 
overall "goodness of fit" for the entire pattern. The Re,, p term is determined 
statistically during the refinement process and the RWp term is the most useful of the 
R-factors in respect to the progress of the refinement, as it contains the residual being 
minimised. Rte, is also the value quoted most often in the literature together with the 
value when determining the "goodness of fit" of the data for a particular pattern. 
The R-factors are given by: 
Rr=[ý Wi (y obs _y 
calc)21 E W1 (y obs, )27, 
/2 
we8 t hiedPro t! e -iitiJ 
Equation 2.30 
ý, W, ý, yi 
bsý271/2 Rexpected - RN -P+Q 
Equation 2.31 
_ obs talc obs Rintensity =E Ik - 
Ik / Ik 
Equation 2.32 
Where N= number of observations, P= number of refinable parameters, C= number 
of constraints and Ik = intensity assigned to the k`" Bragg reflection at the end of 
refinement cycles. 
'2 
7 = [R weighted profile 
/ Rexpected/ 
Equation 2.33 
The value for RWp and should both be as low as possible for a successful fit and 
ideally during the refinement process, the R, p value should be reduced to as close as 
possible to the statistically generated R-expected value (Rexxp), bringing close to 1. 
Though in practicality a value of below 5 represents a relatively good fit. The 
structural refinement program GSAS, 10 processes the data, performs the calculations 
and generates a visual representation of the goodness of fit, an example of which is 
shown in Figure 2.6. 
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Figure 2.6. Example of Rietveld structural data refinement produced with GSAS 
2.2.5. Bond valence calculations 
The general concept of bond valence theory is that a particular bond between two 
specific ions, has an ideal bond length in an unstrained system, determined 
experimentally by preparing compounds with well-known structures, and accurately 
characterising and assessing the bond lengths of cations in a known oxidation state. 
Then an observed bond length can be compared to this value and the strength of the 
bond or "bond valence" can be obtained, longer bond lengths would indicate weaker 
electrostatic attractions, with shorter bonds representing stronger ones. The total bond 
valence for a particular cation is expressed as the sum of the individual bond valences 
for each bond to that cation. ' 1 This can be expressed as; 
Vta =I Via 
Equation 2.34 
Where Vta = total bond valence for a lattice site a, and Via = the individual valences 
for each bonding interaction to that site. 
Bond valence calculations are often used to determine whether a compound structure 
is likely, based on the position and length of the bonds between cation and anion in 
that compound's suggested structure. 
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The Equation for the calculation of bond valence within a given system is shown in 
Equation 2.35. 
Bond valence = exp [(Ro - R) / B] 
Equation 2.35 
Where R is the measured bond length and Ro and B are constant values established 
for a particular M-X bond. 12,13 The total bond valence figure for a particular metal 
cation, should be close to the theoretical value (± 0.2) however there is a small degree 
of flexibility in the limit, as systems can be strained and distorted giving stretched or 
compressed bond lengths. This guideline system can then be used to assess the 
bonding in a compound and give an indication of the degree of strain in a particular 
crystal system. 
2.2.6. SEM (Scanning Electron Microsco 
Scanning electron microscopy is used to investigate the nature and size of the 
particles in crystalline materials. The scanning electron microscope generates a beam 
of electrons in a vacuum. The beam is collimated and focussed by an objective lens, 
then scanned across the surface of the sample. The primary imaging method is by 
collecting secondary electrons that are released by the sample. The secondary 
electrons are detected by a scintillation material that produces quantised pulses of 
light from the electrons. The light is detected and then amplified by a photomultiplier 
tube. By correlating the sample scan position with the resulting signal, an image can 
be formed, which is similar to what would be seen through an optical microscope. 
The illumination and shadowing show a natural looking surface topography. 
Scanning electron microscopes are often coupled with X-ray analysers to gain further 
qualitative information, the energetic electron beam - sample interactions generate X- 
rays that are characteristic of the elements present in the sample. Shown in Figure 2.7 
is an example image produced by SEM. 
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Figure 2.7. Scanning electron microscopy image of particle surface 
Scanning electron microscopy was used during the study. to assess particle size and 
shape in prepared sulfide materials. SEM data were collected on samples mounted on 
I0mm diameter adhesive backed mounting studs. using a Cambridge Instruments 
Stereo-scan 360 machine and images were produced of various magnifications with 
scales of typically I00µm. 
2.2.7. ICP-AAS (Inductivehv Coupled Plasma - Atomic Absorption Spectrosco 
Atomic absorption spectroscopy (AAS) determines the presence and concentration of 
metal ions in liquid samples. Typical ionic concentrations are in the range 0-20ppm. 
Metals in solution absorb ultraviolet light when they are thermally excited. Each 
metal has a characteristic wavelength that is absorbed. The AAS instrument detects a 
particular metal by focusing a beam of UV light at a specific wavelength through a 
flame and into a detector. The sample under investigation is aspirated into the flame 
as a tine nebulised mist. If the selected metal is present in the sample, it will absorb 
light and reduce its intensity. The instrument measures the variation in intensity and 
an attached computer system converts the change in intensity into an absorbance. As 
concentration increases, absorbance increases. A calibration curve must be plotted for 
each metal-ion under investigation to obtain sample concentrations. Calibration 
curves are produced by running standards of various concentrations on the AAS and 
recording corresponding, absorbances, the computer system then draws the curve and 
the samples can be tested and measured against it. In flame AAS, the sample is 
aspirated into a flame using a nehuliser. The flame is aligned in a beam of light of 
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appropriate wavelength. The flame causes the atom to undergo a transition from the 
ground state to the first excited state. When the atoms make a transition, they absorb 
light from the beam, the higher the concentration of the solution, the more light 
energy is absorbed. The light beam is generated by a lamp that is specific for a target 
metal. The lamp must be perfectly aligned so that the beam crosses the hottest part of 
the flame and then travels into the detector. The detector then measures the beam 
intensity. When light is absorbed by a metal the beam intensity is reduced. The 
detector records the reduction as an absorption. The intensity of the absorption is 
converted to a ppm value for the metal-ion and plotted against the calibration curve 
for that metal-ion. Separate solutions for each metal ion are not necessary, as each 
atom absorbs light of a specific wavelength characteristic to that atom, consequently 
solutions containing multiple ions can be run as the sample. However when changing 
ions, the source lamp must be changed and the detector wavelength adjusted. Samples 
were analysed for this work using a Thermal Jarrell - Atomscan 16 
spectrophotometer. Standard solutions were prepared at 0,1,2,5 and lOppm and 
used for calibration. Correlation coefficients were in the range 0.9995 - 0.9998 and 
ICP data were collected for all solutions prepared. 
2.2.8. Sulfur content determined by iodine / thiosulfate titration 
0.01 molar sulfide solutions were prepared for each compound under investigation 
and were reacted with iodine in excess. 
MLn2S4 + 4H20 --- MLn2O4 + 4H2S 
Equation 2.36 
4H2S+4I2H8H++8I'+4S 
Equation 2.37 
252032 +12--+ 21"+S406 2- 
Equation 2.38 
Free iodine after reaction was titrated using standard thiosulfate and the number of 
unreacted moles of iodine were calculated. Results were used to determine sulfur 
content of the original sulfide solutions. 
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2.2.9. UV/Vis absorption spectrometry 
White light is composed of a range of radiation wavelengths in the ultraviolet, visible 
and infrared portions of the electromagnetic spectrum. The component colours of the 
visible portion can be separated by passing sunlight through a prism, which refracts 
the light in differing degrees according to the wavelength. Electromagnetic radiation 
such as visible light is commonly treated as a wave phenomenon, which can be 
characterized by a particular wavelength and frequency. Wavelength is defined as the 
distance between adjacent peaks or troughs and for visible light wavelength is 
designated in nanometres (nm). Frequency is the number of wavelengths that travel 
past a fixed point per unit of time, and is usually given in cycles per second, or hertz 
(Hz). Visible wavelengths cover a range from approximately 400 to 800 nm. The 
longest visible wavelength is red and the shortest is violet. When white light passes 
through or is reflected by a coloured substance, a characteristic portion of the mixed 
wavelengths is absorbed. The remaining light will then assume the complementary 
colour to the wavelength or wavelengths absorbed. Absorption of 420-430 nm light 
renders a substance yellow, and absorption of 500-520 nm light makes it appear as 
red. The colour green is unique in that it can be created by absorption close to 400 nm 
as well as absorption near 800 nm. In the act of colour recognition the human eye 
functions as a spectrometer, which analyses the light reflected from the surface of any 
coloured solid object or passing through any coloured liquid. When sample molecules 
are exposed to light having an energy that matches a possible electronic transition 
within the molecule, some of the light energy will be absorbed as the electron is 
promoted to a higher energy orbital. An optical spectrometer records the wavelengths 
at which absorption occurs, together with the degree of absorption at each wavelength 
and the resulting spectrum is presented as a graph of absorbance (A) versus 
wavelength. 
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Figure 2.8. Schematic diagram oi'a typical UV/Vis Spectrometer 
A schematic diagram olthe components of a typical UV/Vis spectrometer is shown in 
figure 2.8. The diagram shows a spectrometer with integrated reference beam. The 
intensity of the reference beam. which should have suffered little or no light 
absorption, is defined as I,,. The intensity of the sample beam is defined as 1. Over a 
short period of time, the spectrometer automatically scans all the component 
wavelengths. The ultraviolet (UV) region scanned is normally from 200 to 400 nm, 
and the visible portion is from 400 to 800 nm. If the sample does not absorb light of a 
given wavelength, then I 1,,. I lowever, if the sample compound absorbs light then I 
is less than l,,, and this diftcrence may be plotted on a graph versus wavelength, as 
shown on the right. Absorption may be presented as transmittance (T = I/1()) or 
absorbance (A log I()/1). It' no absorption has occurred. T=1.0 and A=0. 
Absorbance is displayed on the vertical axis, and the wavelength of maximum 
absorbance is a characteristic value, designated as A UV/Vis spectrometer 
configured in the correct way can he Used to record colour measurements from solid 
materials and colour absorption/emission spectrums can he collected for any 
particular coloured solid sample in this way. The spectrometer in this case was first 
calibrated by means of a pure white "plank" sample, which allowed the spectrometer 
to record a 0% absorbance reading. each coloured sample under investigation was 
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then placed into the beam and analysed. A graph of absorbance vs wavelength, 
together with characteristic X.. and ý, nj,, values were collected for each material 
analysed. Colour measurements and visible absorption data were collected for sulfide 
samples using a Perkin-Elmer Lambda 35 UV/Vis spectrometer. Absorption data 
were collected across range 400-800nm, with data intervals of lnm and a scan speed 
of 240nm/min. Data were plotted as wavelength vs percentage relative absorption and 
analysed using the UV Winlab software. 
2.2.9. TPO (Temperature Programmed Oxidation) 
TPO measurements were collected and used as a guide to the general level of oxygen 
stability of each compound under investigation. The TPO rig set-up consisted of a gas 
supply of argon/oxygen, a programmable high temperature furnace, a mass 
spectrometer as a detector and a scrubber solution of sodium hydroxide. The reaction 
gas was (lOwt%)02 in argon and the gas mixture was regulated by mass flow 
controllers. The reaction gas was passed at a steady rate through a quarter inch quartz 
reactor vessel containing the sample compound to remove all air from the reactor. 
Quartz wool was used to support 5- 20mg of the metal sulfide sample. The reactor 
was then heated at a predetermined rate, typically 10°C/min, up to a maximum 
temperature of 1000°C. The exit gases from the experiments were analysed by a 
custom quadrupole mass spectrometer with a maximum mass unit of 200 a. m. u. A 
diagram of the TPO rig set-up is shown in Figure 2.9. 
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Figure 2.9. Schematic diagram of temperature programmed oxidation apparatus 
used to collect oxidation profiles and stability data for prepared sulfide 
materials 
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CHAPTER 3 
Preparation and characterisation of MLn2S4 type 
doped lanthanide systems 
3. Preparation and characterisation of doped lanthanide systems 
3.1. MLn2S4 - xLn2S: (where x= 0-30 mol % Ln2S3 systems 
3.1.1. Introduction 
Recently a group of complex sulfide materials have been investigated as potential 
sulfide-ion conductors, the materials are based on a high symmetry cubic I-43d sulfide 
lattice structure, which has been found to develop intrinsic sulfide vacancies on 
heating. 1,2,3 A range of ion conducting chalcogenides have been prepared in the 
system MLn2S4-xLn2S3, where M= group II metals (Ca, Ba) and Ln =a range of 
lanthanides (Pr, Nd, Sm). 1,2,3 The mode of conduction is believed to be mainly by 
sulfide-ions with some minor mixed cationic (M) conduction present. The disorder 
generated within the MLn2S4 systems, caused by the addition of the Ln2S3 dopant 
gives rise to both anion and cation disorder and associated vacancies in both the anion 
and cation sub-lattices. The values of ionic conductivity vary across each prepared 
series with values in the range a 500.0 = 10"7 to 10-5 S cm' in broad agreement with the 
literature. ' It was reported by Kalinina et al, 2 that data collected at 500°C suggests 
that the systems have an intrinsic level of anion disorder created by the introduction of 
the Ln2S3 dopant, and also that the materials conduct ions via Schottky defect 
generated vacancies in the host lattice. There was no indication of a major organised 
structural transition within the system leading to the observed ionic conductivity. It 
was suggested that at elevated temperature, the already disordered system allows the 
motion of sulfide-ions via Schottky defects in the lattice and the ion transport ratio for 
calcium and sulfide-ions was determined by galvanic cell measurements. 2 The 
preparation methods for sulfide materials based on barium and calcium analogues of 
the MLn2S4 system were described by L. A. Kalinina, and I. V. Murin et al. 2' 2,3 Rietveld 
refined lattice data and atomic positions for the CaNd2S4 parent structure were 
obtained from a paper authored by P. Y. Li and K. G. Lange, 4 all compounds in the 
system were found to have the space group I-43d. Kalinina and co-workers reported 
compounds in the system CaNd2S4-xNd2S3 showing sulfide-ion conducting behaviour, 
using the emf method in galvanic cells of varying concentration. The highest level of 
conductivity reported in the literature for the barium or calcium MLn2S4-xLn2S3 
systems studied was a 500-C = 1.51 x 10-6 Scm 12 Investigation of the structure and 
properties of the MLn2S4 type sulfide materials has to date been very limited and is 
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certainly worthy of further work. Research into the characterisation of solid solution 
based materials in the doped MLn2S4 xLn2S3 systems and in particular the strontium 
analogues is absent from the literature. The aim of this work has been to synthesise a 
multiple series of solid solutions in the system MLn2S4 xLn2S3 and examine the 
changes in structure and properties of the complex sulfide materials, as the various 
series are transversed. 
3.1.2. Exnerimental 
The preparation methods for the MLn2S4 sulfide materials, involved MS (where M= 
Ca/Sr) being combined with Ln2S3 (where Ln = Nd/Sm) in a 1: 1 molar ratio, with 
varying amounts of excess Ln2S3. A series of compounds were produced of the form 
MLn2S4-xLn2S3 where x=0,10,20 and 30mol%. The prepared starting compounds 
were then ground thoroughly in a pestle and mortar. All grinding of sulfide materials 
was performed in an argon atmosphere glove box, to avoid oxidation. Once the sulfide 
mixtures were prepared, they were transferred into pyrolised silica tubes due to their 
significant calcium/strontium content, in order to minimise possible reaction between 
Cat+/ Sr2+ and the silica of the reaction vessel. The silica tubes were then evacuated 
with a rotary pump and vacuum line and weld-sealed with an oxygen/methane 
blowtorch. After sample tubes had been prepared and sealed, they were placed into a 
protective Inconel alloy work tube within the tube furnace. The reaction vessels were 
heated to 1200°C at a rate of 2°C /min and allowed to dwell at 1200°C for 36 hours. 
After this time, the furnace was cooled to room temperature and reaction vessels were 
removed and placed into the glove box. Reacted sample tubes were scored and 
cracked open, then sulfide samples were each reground into a fine powder and 
transferred to Perspex or aluminium XRD mounting discs and sealed with Mylar film 
to minimise atmospheric oxidation. Initial phase determination was assigned based on 
PXD data collected on 90 minute scans over the 2-theta range 25-90°. Rietveld 
structural analysis was performed, using powder XRD data collected in the range 25 - 
110° over a period of 15 hours. Monochromatic Cu (K(xl) radiation was employed 
with a step size of 0.014°. Rietveld structural refinements were performed using the 
GSAS refinement program5 and initial stages of the refinement used the cubic I-43d 
structural model obtained from the literature. Final stages of refinement included all 
atomic coordinates and isotropic temperature factors for all atoms. TOF powder 
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neutron diffraction data were collected for CaNd2S4 xNd2S3 compounds, from the C 
bank of the POLARIS diffractometer at RAL. 6 Prior to full structural characterisation 
for each sulfide compound, all materials were annealed in H2S (chapter 2.1.3. ) to 
ensure sulfur stoichiometry. Ionic ratios were determined by ICP analysis, using a 
Thermal Jarrell - Atomscan 16 spectrophotometer. Standard solutions were prepared 
at 0,1,2,5 and 10ppm and used for calibration. Correlation coefficients were in the 
range 0.9995 - 0.9998 and sulfur stoichiometries were determined by iodine / 
thiosulphate titration. TPO (temperature programmed oxidation) data were also 
collected and used as a guide to the oxygen stability of the prepared compounds. SEM 
data were collected from powder samples mounted on 10mm diameter adhesive 
backed mounting studs, using a Cambridge Instruments Stereo-scan 360 machine and 
images were produced of various magnifications with scales of typically 100µm. 
3.1.3. Results and Discussion 
All compounds in the series MLn2S4-xLn2S3 (x = 0-30mol%) were successfully 
synthesised and all prepared materials crystallised with a Th3P4 type structure in the 
cubic space group I-43d, with cell parameters CaSm2S4 xSm2S3 8.47A, CaNd2S4- 
xNd2S3 = 8.53A, SrSm2S4 xSm2S3 = 8.55A and SrNd2S4-xNd2S3 = 8.62A. All 
members prepared in the MNd2S4 xNd2S3 systems had a similar dull grey-green 
appearance, while all compounds in the MSm2S4 xSm2S3 systems displayed a 
mustard yellow colouration. A typical set of diffraction patterns for the MLn2S4- 
xLn2S3 type sulfide materials is shown in Figure 3.1.1. 
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3.1.3.1. Structure refinement 
Table 3.1.1. Refined Atomic Parameters for CaSm2S4-xSm2S3 series x= 0-0.3 
(e. s. d. 's are given in parenthesis) 
X= 0 0.1 0.2 0.3 
Crystal system Cubic Cubic Cubic Cubic 
Space group 143d 143d 143d 143d 
Refined cell parameter a (A) 8.4708(1) 8.4701(8) 8.4684(8) 8.4653(1) 
S (x, , z) 0.0723(2) 0.0725(2) 0.0729(2) 0.0718(2) 
Ca, Sm, (x) (shared site) 0.37500 0.37500 0.37500 0.37500 
Ca, Sm, (y) (shared site) 0.00000 0.00000 0.00000 0.00000 
Ca, Sm, (z) (shared site) 0.25000 0.25000 0.25000 0.25000 
S'- occupancy 1.000 0.97(l) 0.96(l) 0.94(1) 
Ca + occupancy 0.333 0.308 0.287 0.269 
Sm + occupancy 0.667 0.678 0.689 0.700 
U10 O (S) 0.0118(1) 0.0092(8) 0.0104(9) 0.0172(7) 
U; S0 (Ca, Sm 0.0009(2) 0.0103(2) 0.0157(3) 0.0238(2) 
R 0.0141 0.0139 0.0147 0.0162 
3.39 3.48 3.07 3.92 
Table 3.1.2. Refined Atomic Parameters for CaNd2S4-xNd2S3 series x= 0-0.3 
(e. s. d. 's are given in parenthesis) 
X= 0 0.1 0.2 0.3 
Crystal system Cubic Cubic Cubic Cubic 
Space group I-43d I-43d I-43d 1-43d 
Refined cell parameter a (A 8.5301(l) 8.5299(1) 8.5280(l) 8.5273(1 
S (x, y, z) (16c site) 0.0715(2) 0.0711(1) 0.0729(2) 0.0718(l) 
Ca, Nd, (x) (shared 12a site) 0.37500 0.37500 0.37500 0.37500 
Ca, Nd, (shared 12a site) 0.00000 0.00000 0.00000 0.00000 
Ca, Nd, (z) (shared 12a site) 0.25000 0.25000 0.25000 0.25000 
S" occupancy 1.000 0.96(l) 0.96(1) 0.95(l) 
Ca 'occu anc 0.333 0.308 0.287 0.269 
RToccupancy 0.667 0.678 0.689 0.700 
Uis0 (S) 0.0021(8) 0.0088(2) 0.0141(5) 0.0236(1) 
U10 , (Ca, Nd) 0.0019(2) 0.0078(1) 0.0202(l) 0.0297(1) 
R 0.0177 0.0118 0.0179 0.0152 
4.37 3.31 4.59 3.42 
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Table 3.1.3. Refined Atomic Parameters for SrSm2S4-xSm2S3 series x= 0-0.3 
(e. s. d. 's are given in parenthesis) 
X= 0 0.1 0.2 0.3 
Crystal system Cubic Cubic Cubic Cubic 
Space group 1-43d 1-43d 1-43d 1-43d 
Refined cell parameter ad 8.5631(1) 8.5595(3) 8.5523(l) 8.5467(1) 
S (x, , z) 0.0732(4) 0.0733(3) 0.0717(3) 0.0729(3) Sr, Sm, (x) (shared site) 0.37500 0.37500 0.37500 0.37500 
Sr, Sm, (y) (shared site) 0.00000 0.00000 0.00000 0.00000 
Sr, Sm, (z) (shared site 0.25000 0.25000 0.25000 0.25000 
S'-occupancy 
- 
1.000 0.97(1) 0.96(1) 0.95(1) 
S7-7 occupancy 
- 
0.333 0.303 0.277 0.257 
occupancy Tm-T+ 0.667 0.667 0.667 0.667 
Uiso (S) 0.0022(1) 0.0081(1) 0.0137(1) 0.0298(1) 
Uis0 (Sr, Sm 0.0079(4) 0.0089(3) 0.0231(3) 0.0267(1) 
R 0.0216 0.0189 0.0192 0.0155 
7.31 4.68 5.22 4.03 
Table 3.1.4. Refined Atomic Parameters for SrNd2S4-xNd2S3 series x= 0-0.3 
(e. s. d. 's are given in parenthesis) 
X= 0 0.1 0.2 0.3 
Crystal system Cubic Cubic Cubic Cubic 
Space group 1-43d 1-43d 1-43d 1-43d 
Refined cell parameter ff 8.6204(1) 8.6200(4) 8.6181(3) 8.5919(2) 
S (x, 
, z) 
0.0747(2) 0.0746(5) 0.0738(3) 0.0743(7) 
Sr, Nd, (x) (shared site) 0.37500 0.37500 0.37500 0.37500 
Sr, Nd, (shared site) 0.00000 0.00000 0.00000 0.00000 
Sr, Nd, (z) (shared site) 0.25000 0.25000 0.25000 0.25000 
S'- occupancy 1.000 0.98(1) 0.96(1) 0.96(1) 
S+ -occupancy 0.333 0.308 0.287 0.269 
Nd + occupancy 0.667 0.678 0.689 0.700 
UiS0 (S) 0.0034(l) 0.0092(2) 0.0123(1) 0.0257(1) 
U,,, Sr, Nd) 0.0059(2) 0.0031(4) 0.0245(2) 0.0141(1) 
R 0.0217 0.0289 0.0231 0.0288 
6.02 10.96 7.33 10.17 
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Table 3.1.2. Refined neutron data for CaNd2S4-xNd2S3 series x= 0-0.3 (e. s. d. 's are 
given in parenthesis) mass of 0.2 sample was insufficient for neutron 
experiment. 
X= 0 0.1 0.3 
Crystal system Cubic Cubic Cubic 
Space group 143d 143d 143d 
Refined cell parameter a (A) 8.53024(l) 8.52991(1) 8.52939(1) 
S x, y, z) (16c site) 0.07107(2) 0.07116(l) 0.07096(1) 
Ca, Nd, (x) (shared 12a site) 0.37500 0.37500 0.37500 
Ca, Nd, (y) (shared l2a site) 0.00000 0.00000 0.00000 
Ca, Nd, (z) (shared 12a site) 0.25000 0.25000 0.25000 
S2- occuanc 1.000 0.941(1) 0.987(1) 
Ca + occu anc 0.333 0.308 0.269 
Nd + occupancy 0.667 0.678 0.700 
U10 (S) 0.00073(l) 0.00058(1) 0.00082(1) 
U15O (Ca, Nd) 0.00074(l) 0.00076(1) 0.00088(1) 
R 0.0141 0.0111 0.0112 
8.821 3.129 4.972 
Full Rietveld profile refinements were carried out on all prepared compounds in the 
MLn2S4-xLn2S3 series. All compounds were refined in the cubic I-43d space group. 
Initial stages of refinement included profile parameters such as background, scale 
factor and cell parameters. Atomic positions were then refined together with isotropic 
temperature factors and peak shape parameters. Refinements were carried out with 
fixed occupancies based on calculated compound stoichiometries, supported by ICP 
and titration data for each member of the dopant series. The Mylar film used to cover 
samples during the X-ray diffraction process produced an additional contribution to 
the background of the XRD pattern, which was refined using the absorption function, 
during structure refinement. A typical set of refinement profiles produced for sulfide 
materials in the MLn2S4-xLn2S3 series are shown in Figures 3.1.2 - 3.1.5. 
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Figure 3.1.2. Refinement profile for CaSm2S4 (upper solid line represents observed 
data and the upper crossed line the calculated pattern, the lower solid 
line represents the fit) 
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Figure 3.1.3. Refinement profile for CaSm2S4-10%Sm2S3 (upper solid line 
represents observed data and the upper crossed line the calculated 
pattern, the lower solid line represents the fit) 
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Figure 3.1.4. Refinement profile for CaSm2S4-20%Sm2S3 (upper solid line 
represents observed data and the upper crossed line the calculated 
pattern, the lower solid line represents the fit) 
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Figure 3.1.5. Refinement profile for CaSm2S4-30%Sm2S3 (upper solid line 
represents observed data and the upper crossed line the calculated 
pattern, the lower solid line represents the fit) 
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Time of flight powder neutron diffraction data were collected for sulfide materials in 
the CaNd2S4 xNd2S3 series using the POLARIS facility at the Rutherford Appleton 
Laboratories. 6 Data were collected over a period of 8h, at room temperature in 5mm 
diameter vanadium cans sealed with indium wire. Refinement was carried out in the 
space group I-43d using the same process as employed for the refinement of powder 
X-ray diffraction data with the addition of a neutron specific instrument parameter 
file. A typical refinement profile based on time of flight neutron data obtained for the 
CaNd2S4-xNd2S3 type sulfide materials is shown in Figure 3.1.6. 
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3.1.3.2. SEM data 
SEM data were collected from powder samples mounted on 10mm diameter adhesive 
backed mounting studs, using a Cambridge Instruments Stereo-scan 360 machine and 
images were produced of various magnifications with scales of typically 100µm. 
Shown below are two SEM images for each compound in the series CaNd2S4-xNd2S-4. 
images are shown sequentially with increasing dopant level. The left images (a) show 
the full SEM image obtained for each of the sulfide materials together with scale (µm) 
and the right hand image (b) shows a 100ýu» magnified region of the compound 
particles. 
Figure 3.1.7x. and 3.1.7b. SFM images of Ca; Ad2S4 sail's shown in µm 
Figure 3.1.8a. and 3.1.8b. SI,: M images of CaNd ýS4 I U`; 0; , ý. ºIL, ho vv n in dun 
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Figure 3.1.9a. and 3.1.9b. SFM images of CaNd2S4-20%Nd2S3 scales shown in µm 
Figure 3.1.10a. and 3.1.10b. SEM images of CaNd2S4-30%Nd2S3 scales shomn µm 
Collected SEM data showed that the undoped CaNd2S4 sample had particle sizes in 
the range 70-90µm. The plate-like nature of the particles can be observed clearly from 
the magnified SFM image. The 10% doped material displayed the same plate-like 
particles, of similar size to the undoped compound 60-90ýtm. In the 20% doped 
compound sample the particles in the region observed by SEM possessed the same 
rounded plate-like appearance as observed in the previous two samples. but were 
slightly smaller, having particles in the range 30-50µm, a factor which was possibly 
attributable to more efficient grinding of the compound atter reaction. The final 
compound in the series, CaNd,, S4-(30%)Nd-, S,, had a marginally wider range of plate- 
like particle sizes from 30µm to 90ýºm, again probably due to post reaction compound 
grinding factors. SEM data collected for all other members in the MLn)S4-xLn-, S3 
system showed similar plate-like particles with a similar 70-90µm size range. 
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3.1.3.3. Structural and bond valence data 
Table 3.1.5. Derived bond lengths for materials in the CaSm2S4-xSm2S3 system 
where x= 0-0.3 (A) (e. s. d. 's are given in parenthesis) 
X= 0 0.1 0.2 0.3 
Bond length Ca-S 3.035(2) x4 3.034(l) x4 3.031(2 x4 3.045(2) x4 
2.834(2) x4 2.8350) x4 2.836(1)x4 2.821 1 x4 
Bond length Sm-S 3.035(2) x4 3.034(1) x4 3.031(2) x4 3.045(2) x4 
2.834(2)x4 2.835(1)x4 2.836(1)x4 2.821(1)x4 
Table 3.1.6. Derived bond lengths for materials in the CaNd2S4-xNd2S3 system 
where x= 0-0.3 (A) (e. s. d. 's are given in parenthesis) 
X= 0 0.1 0.2 0.3 
Bond length Ca-S 3.065(2) x4 3.068(l) x4 3.052(2) x4 3.063(2) x4 
2.846(2) x4 2.843(1) x4 2.857(2) x4 2.847(1) x4 
Bond length Nd-S 3.065(2) x4 3.068(l) x4 3.052(2) x4 3.063(2) x4 
2.846(2) x4 2.843(1) x4 2.857(2) x4 2.847(1) x4 
Table 3.1.7. Derived bond lengths for materials in the SrSm2S4-xSm2S3 system 
where x= 0-0.3 (A) (e. s. d. 's are given in parenthesis) 
X= 0 0.1 0.2 0.3 
Bond length Sr-S 3.060(4) x4 3.058(3) x4 3.070(2) x4 3.057(3) x4 
2.872(4) x4 2.872(3) x4 2.856(2) x4 2.864(2) x4 
Bond length Sm-S 3.060(4) x4 3.058(3) x4 3.070(2) x4 3.057(3) x4 
2.872(4) x4 2.872(3) x4 2.856(2) x4 2.864(2) x4 
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Table 3.1.8. Derived bond lengths for materials in the SrNd2S4-xNd2S3 system 
where x= 0-0.3 (A) (e. s. d. 's are given in parenthesis) 
X= 0 0.1 0.2 0.3 
Bond length Sr-S 3.066(2) x4 3.067(l) x4 3.075(3) x4 3.060(7) x4 
2.904(2) x4 2.904(l) x4 2.895(3) x4 2.891(6) x4 
Bond length Nd-S 3.066(2) x4 3.067(1) x4 3.075(3) x4 3.060(7) x4 
2.904(2) x4 2.904(1) x4 2.895(3) x4 2.891(6) x4 
Table 3.1.9. Derived bond angles for materials in the CaNd2S4-xNd2S3 system 
where x= 0-0.3 (A) (e. s. d. 's are given in parenthesis) 
MLn2S4 -xLn2S3 compound stoichiomet (x) 
S-M-S 0 0.1 0.2 0.3 
Angles e. s. d. 's are given in parenthesis 
S- (Ca/Nd) -S 135.526(3) 135.522(3) 135.509(3) 135.524(3) 
S- (Ca/Nd) -S 67.30(4) 67.25(4) 67.07(4) 67.27(4) 
S- (Ca/Nd) -S 64.714(4) 64.720(5) 64.741(5) 64.717(5) 
S- (Ca/Nd) -S 87.12(6) 87.21(7) 87.50(6) 87.17(6) 
S- (Ca/Nd) -S 131.06(5) 130.99(5) 130.79(4) 131.02(5) 
S- (Ca/Nd) -S 77.248(7 77.258(7) 77.286(6) 77.253(7) 
S- (Ca/Nd) -S 91.474(13) 91.455(14) 91.397(13) 91.464(13) 
S- (Ca/Nd) -S 161.54(8) 161.66(9) 162.04(8) 161.61(8) 
Bond valence calculations? were performed for all materials in the MLn2S4-xLn2S3 
series using the standard equations (2.2.5) for the calculation of bond valence: 
Vta=Y, Via 
Where Vta = total bond valence for a lattice site a, and Via = the individual valences 
for each bonding interaction to that site (Equation 2.34). All data were collected and 
tabulated and are summarised in table 3.1.10. 
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Table 3.1.10. Bond valence data for compounds in the system MLn2S4-xLn2S3 
(e. s. d. 's are given in parenthesis) 
Compound Bond Total valence 
CaSm2S4-xSm2S3 where x= Omol% Ca-S 2.2(2) 
Sm-S 3.0(2) 
CaSm2S4-xSm2S3 where x=l Omol% Ca-S 2.2(2) 
Sm-S 3.0(2) 
CaSm2S4-xSm2S3 where x= 20mol% Ca-S 2.2(2) 
Sm-S 3.0(2) 
CaSm2S4-xSm2S3 where x= 30mol% Ca-S 2.3(2) 
Sm-S 3.1(2) 
CaNd2S4-xNd2S3 where x= OmoI% Ca-S 2.1(2) 
Nd-S 3.1(2) 
CaNd2S4-xNd2S3 where x=1 Omol% Ca-S 2.1(2) 
Nd-S 3.1(2) 
CaNd2S4-xNd2S3 where x= 20mol% Ca-S 2.1(2) 
Nd-S 3.1(2) 
CaNd2S4-xNd2S3 where x= 30mol% Ca-S 2.1(2) 
Nd-S 3.1(2) 
SrSm2S4 xSm2S3 where x= Omol% Sr-S 2.3(2) 
Sm-S 2.8(2) 
SrSm2S4-xSm2S3 where x=l Omol% Sr-S 2.3(2) 
Sm-S 2.8(2) 
SrSm2S4 xSm2S3 where x= 20mol% Sr-S 2.3(2) 
Sm-S 2.8(2) 
SrSm2S4-xSm2S3 where x= 30mol% Sr-S 2.3(2) 
Sm-S 2.8(2) 
SrNd2S4-xNd2S3 where x= Omol% Sr-S 2.2(2) 
Nd-S 2.8(2) 
SrNd2S4-xNd2S3 where x=1 Omol% Sr-S 2.1(2) 
Nd-S 2.8(2) 
SrNd2S4-xNd2S3 where x= 20mol% Sr-S 2.2(2) 
Nd-S 2.8(2) 
SrNd2S4-xNd2S3 where x= 30mol% Sr-S 2.2(2) 
Nd-S 2.9(2) 
Bond valence calculations for all stoichiometries of each compound series showed 
that all materials in the MLn2S4-xLn2S3 system were structurally stable, with all 
cations having valences close to their theoretical ideal values (M2+ = 2.0 ±0.2, Ln3+ = 
3.0 ±0.2). The three-dimensional cubic I-43d lattice structure based on refined 
structural data, which was adopted by all sulfide materials in the MLn2S4-xLn2S3 
series, is shown in Figure 3.1.11. 
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Figure 3.1.11. Space tilling diagram of the cubic I-43d MI. n2S4-xLn, S,, lattice 
structure (light shaded spheres represent sulfur and dark shaded 
spheres represent M2'/Ln3' cation site) 
Adding stoichiometric amounts of the lanthanide sulfide dopant Ln2S3 to the base 
compound MI. n,, S4 in each case gave a series of compounds. the stoichiometries of 
which are shown in table 3.1.1 1. 
Table 3.1.11. Theoretical stoichiometry values for all MLn2S4 xLn-, S; materials 
Compound name Theoretical Unit cell 
stoichiometrv 
Undoped MI. n, S; Ml n'S. t 
I0%do ed MI, n, S4 Mu,, iLn, S;,, i 
20% doped MI-II'S4 MO 8-, 
30°,, doped MLn, S4 M( 77I, n2S, 7, 
The theoretical stoichiometric metal-cation ratios ]or each compound in the MLn,, S4- 
xLn2S3 series were supported by ICP data collected (2.2.7), with all compounds 
having ratios equal to their theoretical values (+ 0.2). Sulfur stoichiometries were also 
supported by titration data (± 0.1). Sulfur contents were determined by iodine / 
thiosulfate titration for each of the materials in the MLn-, S4-xLn2S3 series and 
collected data are summarised in table 3.1.12. 
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Table 3.1.12. Sulfur content data for all compounds in the MLn2S4-xLn2S3 series 
(e. s. d. 's are given in parenthesis) 
Vacancies generated on the calcium and sulfur sites correlate to the literature, with the 
mode of conduction of calcium neodynium compounds found to be primarily due to 
the motion of sulfide-ions with a small degree of calcium-ion conduction present. 
The data also correlates to the conductivities found in the barium and calcium systems 
studied previously. 2'3 Structural refinement confirmed that each of the doped systems 
retained the original cubic structure and I-43d space group of the undoped host 
compound with small, ordered changes in observed lattice parameters and physical 
properties. A structural transition at high temperature was not reported in previous 
work on these compounds. The values of ionic conductivity obtained by A. C. 
impedance techniques (2.2.10) for materials in the MLn2S4 xLn2S3 series were in the 
range a soo°c = 10"7 to 10-5 S cm 
1 in broad agreement with the literature. " 1,2 The novel 
strontium materials in the SrLn2S4-xLn2S3 series (where Ln = Nd, Sm) also displayed 
comparable conductivities to the calcium based systems, with values at 500°C in the 
range a =10.8 to 10-5 S cm''. 
The data collected at 500°C suggests that the system has an intrinsic level of anion 
disorder created by the added dopant, and the materials conduct ions via Schottky 
defect generated vacancies in the host lattice, 2 there was no indication of a major 
organised structural transition at 500°C. The case is more likely that at elevated 
temperature, the already disordered system allows the sulfide-ions to attain sufficient 
momentum to overcome the activation energy required for ionic motion, via Schottky 
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defects in the lattice. The ratio of ion transport of calcium-ions versus sulfide-ions at 
500°C was 97% by sulfide-ions, to 3% by calcium-ions, determined by galvanic cell 
measurements. High values of transport numbers for sulfide-ions can most likely be 
attributed to the fact that the dimensions of the migration channel for sulfide-ions in a 
cubic lattice of the Th3P4 type, when they are calculated employing known equations 
for cubic structures, satisfy the condition for transport of sulfide-ions. The channel 
dimensions which were calculated for the migration of calcium-ions, on the other 
hand were found to be far from ideal for the transport of calcium through the lattice. 8 
The intrinsic disordering of the sulfide systems under investigation is known to 
increase with temperature, with an equilibrium given by the quasi-chemical reaction: 
CaNd2S4 H Ca + 2Nd + 3S + 1/2 S2 + Vs + 2e'. 9 An increase in temperature shifts the 
equilibrium to the right, which causes an increase in the concentration of major defect 
vacancies (Vs), which are responsible for the mobility of sulfide-ions in the lattice. 2,9 
The work by Kalinina et al, 2 has shown that the activity of the added dopant 
decreases with increased Nd2S3 content in the solid electrolyte, a phenomenon 
attributed to the association of oppositely charged calcium (Vca) and sulfur (Vs) 
defects in the lattice. This suggests that in compounds with higher levels of dopant 
concentration, such as the 30% doped system, the lattice stabilises the higher levels of 
disorder in the system by the association of defect vacancies of opposing sign. As 
shown in the refined structural data, the cell parameters for each compound in the 
CaNd2S4 xNd2S3 system all decreased with increasing dopant level, this decrease in 
cell parameter across the series being attributable to the increasing number of 
vacancies within the system. The trend in cell parameter vs dopant level for each of 
the MLn2S4 xLn2S3 systems is shown in graphs 3.1.1 - 3.1.4. 
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Graph 3.1.1. Relationship between dopant concentration and cell parameter in the 
CaSm, S4-xSm-, S3 system 
Graph of dopant concentration vs cell parameter for 
the series CaSm2S4-xSm2S3 
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Graph 3.1.2. Relationship between dopant concentration and cell parameter in the 
CaNd2S4-xNd2S3 system 
Graph of dopant concentration vs cell parameter for 
the series CaNd2S4-xNd2S3 
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Graph 3.1.3. Relationship between dopant concentration and cell parameter in the 
SrSm2S4-xSm2S3 system 
Graph of dopant concentration vs cell parameter for 
the series SrSm2S4-xSm2S3 
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Graph 3.1.4. Relationship betvwen dopant concentration and cell parameter in the 
SrNd2S4-xNd2S3 system 
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Bond valence calculations showed that all four systems were structurally stable, with 
all cations having valences close to their theoretical ideal values (Ca2 /Sr2+= 2.0 ±0.2, 
Nd3 /Sm3' = 3.0 +0? ). Structure refinements for all Ml11-IS4xLn2S3 compounds were 
well fitted, with Rwp and x2 values for each series respectively (CaSm2S4 <0.016 and 
<3.9), (CaNdhS4 <0.018 and <4.5), (SrSm2S4 <0.022 and <7.2) and (SrNd2S4 <0.029 
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0% SrSm2S4 10% SrSm2S4 20% SrSm2S4 30% SrSm2S4 
dopant concentration 
0% SrNd2S4 10% SrNd2S4 20% SrNd2S4 30% SrNd2S4 
dopant concentration 
and <10.5). The Mylar film used to cover the samples during the X-ray diffraction 
process produced an additional contribution to the background of the XRD pattern, 
which was refined using the absorption function during structure refinement. 
Collected ICP data supported the stoichiometric ion ratios for all compounds in the 
MLn2S4 xLn2S3 system (± 0.2). Correlation coefficient values for all ions were 
>0.999, indicating a good degree of linearity in the standards. Sulfur content values 
for all compounds in the MLn2S4 xLn2S3 series were determined by iodine / 
thiosulfate titration, and average titres gave good agreement with theoretical sulfur 
stoichiometries (± 0.1). Summary of sulfur content for each compound in the series 
are shown in table 3.1.10, values were marginally lower than expected, possibly due 
to small quantities of oxygen on the sulfur site or low levels of sulfur precipitation 
during the initial reaction. Temperature programmed oxidation data collected for the 
compounds in the MLn2S4-xLn2S3 system all showed similar oxidation profiles, with 
all compounds retaining structural stability in oxygen up to a temperature of 700°C 
±20°C, at which point all compounds in the series underwent a rapid structural 
oxidation. 
3.1.3.4. TPO data 
Temperature programmed oxidation profiles were collected for all MLn2S4-xLn2S3 
compounds. The data were used as a guide to the oxidative stability of the prepared 
materials. Analysis of all compounds typically involved heating rates of 10K/min, 
with sample mass of 10mg (2.2.9). TPO measurements were collected and used as a 
guide to the general level of oxygen stability of each compound under investigation. 
Oxidation profiles were collected for all materials in the CaNd2S4-xNd2S3 system and 
are displayed in Figures 3.1.12 - 3.1.15. 
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TPO of CaNd2S4, H. R=10KImin, mass=l0mg 
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Figure 3.1.12. Oxidation profile of CaNd2S4 
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Figure 3.1.13. Oxidation profile of CaNd2S4 -10mol%Nd2S3 
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Figure 3.1.14. Oxidation profile of CaNd2S4 -20mol%Nd2S3 
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Figure 3.1.15. Oxidation profile of CaNd2S4 -30mol%Nd2S3 
The purpose of the TPO experiments was to provide a set of data for the general level 
of oxidation stability for the compounds in the MLn2S4-xLn2S3 series. All prepared 
materials in the MLn2S4-xLn2S3 series had good oxidation stability with all 
compounds being stable up to a temperature of 700°C ±20°C. This is a beneficial 
property in a sulfide system and is necessary for any potential use of the materials in 
high temperature ionic conductor applications. All compounds in the MLn2S4-xLn2S3 
series displayed similar TPO onset temperatures around 700°C. Oxidation onset 
temperatures decreased slightly across each series with increasing Ln2S3 dopant level, 
indicating a slight decrease in the stability of each system as the level of structural 
disorder and associated intrinsic vacancies increased, as shown in table 3.1.13. 
Table 3.1.13. Summary of approximate oxidation onset temperatures for compounds 
in the CaNd2S4-xNd2S3 series 
Sulfide material Approximate oxidation onset 
temperature (C) 
CaNd2S4-0%Nd2S3 710 
CaNd2S4-10%Nd2S3 705 
CaNd2S4-20%Nd2S3 699 
CaNd, S4-30%Nd, S3 694 
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3.2. CaNd2_XSm, S4 (where x=0-2.0) systems 
3.2.1. Introduction 
It was observed in previous work2 that the amount of disorder within compounds in 
the MLn2S4 system was related to the ability of the material to conduct sulfide-ions. If 
the stoichiometry of the standard MLn2S4 compounds under investigation could be 
manipulated to create further disorder prior to Ln2S3 doping, this could potentially 
affect the level of conductivity in the materials. An extension to the study of the 
prepared materials in the MLn2S4-xLn2S3 system, was to dope the shared metal-cation 
site in the MLn2S4 compound CaNd2S4 with a second lanthanide, in this case 
samarium to produce compounds of the form CaNd2_XSmXS4 (where x=0-2.0). The 
synthesis of these compounds involved the cross doping of a neodynium based 
sulfide, with an analogous samarium based compound. The series involved the 
doping of the compounds from CaNd2S4 (0% samarium content), through CaNdSmS4 
(50% samarium) to CaSm2S4 (100% samarium content). The aim then being to 
produce a novel series of sulfide compounds, based on the group of cubic I-43d 
sulfide systems previously categorised by L. A. Kalinina, and I. V. Murin et al. 1-3 The 
changes in colour, structure and properties would then be investigated across the 
novel CaNd2_XSmXS4 system. The sol-gel synthesis of the undoped end-member 
compound CaNd2S4 was also outlined, to investigate whether the MLn2S4 materials 
could be produced in greater yields or with higher purities in a liquid phase reaction. 
3.2.2. Experimental 
The solid-state method of preparation for the CaNd2_XSmXS4 compounds, involved 
varying molar quantities of CaNd2S4 and CaSm2S4 being combined in molar ratios in 
the range x=0-2.0. The compounds were ground in the glove box, under an argon 
atmosphere. The compounds were then transferred into pyrolised silica tubes, which 
were then weld-sealed and placed into the tube furnace. The reaction vessel was 
heated to 1200°C at a rate of 2°C /min. The furnace was allowed to dwell at 1200°C 
for 36 hours. After this time the furnace was cooled to room temperature and samples 
were transferred to Perspex XRD mounting discs and sealed with Mylar film, as 
previously to minimise atmospheric oxidation. The alternative solution based method 
for the synthesis of the undoped CaNd2S4 compound involved dissolving the hexa- 
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hydrate, nitrates of the constituent metal-ions (Ca(N03)2.6H20 / Nd(N03)3.6H20) in a 
1: 2 molar ratio in concentrated nitric acid. The solution was then stirred ensuring 
thorough mixing of the metal-ions, then boiled to dryness under a fume hood. The 
resultant crystals were ground to a fine powder and spread into an alumina reaction 
boat, which was annealed at 900°C in a flowing H2/H2S gas mixture for 18h. Initial 
phase determination was assigned based on PXD data collected on 90 minute scans 
over the range 25-90° 2-theta. Rietveld structural analysis was performed, using 
powder XRD data collected in the range 25 - 110° over a period of 15 hours. 
Monochromatic Cu (Kai) radiation was employed with a step size of 0.014°. Rietveld 
Structural refinements were performed using the GSAS refinement program? and 
initial stages of the refinement used the cubic I-43d structural model obtained from 
the literature. Final stages of refinement included all atomic coordinates and 
isotropic temperature factors for all atoms. TPO (temperature programmed oxidation) 
data were also collected and used as a guide to the oxygen stability of all prepared 
compounds in the CaNd2_,, SmXS4 series. Information on particle size and shape of the 
prepared materials were collected by SEM data from powder samples mounted on 
10mm diameter adhesive backed mounting studs, using a Cambridge Instruments 
Stereo-scan 360 machine and images were produced of various magnifications with a 
scale of 100µm. 
3.2.3. Results and Discussion 
All materials in the system CaNd2_XSmXS4 (where x=0-2.0) were successfully 
synthesised, the compounds in this series crystallised in the cubic space group I-43d, 
with cell parameters ranging from 8.53A - 8.47A respectively in the CaNd2S4 and 
CaSm2S4 end-member compounds. Cell parameter values for each compound in the 
series are shown in table 4.2.1. The compounds in the CaNd2_XSmXS4 system had a 
progressive range of colours, from the grey-green CaNd2S4 compound to the mustard 
yellow colour of the CaSm2S4 compound, the colouration of each material varied 
predictably as the value of x and the overall samarium content of each compound 
increased. The colouration of the 50% doped compound CaNdSmS4 resembled an 
equal mixture of the two end-member compounds indicating a good solid solution 
was achieved across the series. A series of diffraction patterns, which were obtained 
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for each of the compound stoichiometries in the CaNd2_XSmxS4 series investigated, is 
shown in Figure 3.2.1, together with refined structural data obtained for all materials 
in the doped series shown in table 3.2.1. 
Table 3.2.1. Refined Atomic Parameters for CaNd2_XSmXS4 (x = 0-2.0) 
(e. s. d. 's are given in parenthesis) 
X= CaNd2S4 CaNd1. sSm0sS4 CaNdSmS4 CaNd0, sSm1sS4 CaSm2S4 
Crystal system Cubic Cubic Cubic Cubic Cubic 
Space group 1-43d 1-43d 1-43d 1-43d 1-43d 
Refined cell parameter a (A) 8.5301(1) 8.5199(2) 8.5027(2) 8.4861(1) 8.4708(1) 
Formula weight (unit cell) 1831.430 1837.889 1851.783 1863.867 1876.223 
Volume (A) (unit cell) 620.672 618.448 614.710 611.117 607.817 
Density cm (calculated) 4.900 4.935 5.002 5.065 5.126 
S x, , z) 
0.0715(l) 0.0709(2) 0.0737(2) 0.0713(2) 0.0723(2) 
Ca, Nd, Sm (x) (shared site) 0.37500 0.37500 0.37500 0.37500 0.37500 
Ca, Nd, Sm (y) (shared site) 0.00000 0.00000 0.00000 0.00000 0.00000 
Ca, Nd, Sm (z) (shared site) 0.25000 0.25000 0.25000 0.25000 0.25000 
S" occupancy 1.000 1.000 1.000 1.000 1.000 
Ca occupancy 0.333 0.333 0.333 0.333 0.333 
Nd + occupancy 0.667 0.500 0.333 0.167 - 
Sm'-occupancy - 0.167 0.333 0.500 0.667 
U1S0S 0.00176 0.00442 0.00179 0.00386 0.01114 
U; S0 Ca, Nd, Sm) 0.00140 0.00743 0.00277 0.00584 0.00074 
R 0.0170 0.0177 0.0135 0.0141 0.0141 
4.208 5.664 2.981 3.482 3.337 
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3.2.3.1. Structure refinement 
Full Rietveld profile refinements were carried out on all prepared compounds in the 
novel cross-doped CaNd2. XSmXS4 series. All compounds were refined in the cubic 
I-43d space group of the sulfide parent materials CaNd2S4 and CaSm2S4 (3.1.3.1). 
Initial stages of refinement included profile parameters such as background, scale 
factor and cell parameters. Atomic positions were then refined together with isotropic 
temperature factors and peak shape parameters and all patterns were refined to 
convergence. The Mylar film used to cover samples during the X-ray diffraction 
process produced an additional contribution to the background of the XRD pattern, 
which was refined using the absorption function, during structure refinement. A set of 
refinement profiles produced for each compound stoichiometry in the CaNd2. XSmXS4 
doped series are shown in Figures 3.2.2 - 3.2.6. 
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Figure 3.2.2. Refinement profile for CaNd2S4 (upper solid line represents observed 
data and the upper crossed line the calculated pattern, the lower solid 
line represents the fit) 
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Figure 3.2.3. Refinement profile for CaNd1.5Sm0,5S4 (upper solid line represents 
observed data and the upper crossed line the calculated pattern, the 
lower solid line represents the fit) 
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Figure 3.2.4. Refinement profile for CaNdSmS4 (upper solid line represents 
observed data and the upper crossed line the calculated pattern, the 
lower solid line represents the fit) 
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Figure 3.2.5. Refinement profile for CaNd0.5Sm1.5S4 (upper solid line represents 
observed data and the upper crossed line the calculated pattern, the 
lower solid line represents the fit) 
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Figure 3.2.6. Refinement profile for CaSm2S4 (upper solid line represents observed 
data and the upper crossed line the calculated pattern, the lower solid 
line represents the fit) 
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3.2.3.2. SI,: M data 
SEM data wcrc collected from huvvder san11pIcs mounted On 1 Umm diameter adhcsiv c 
backed mounting studs. using a Cambridge Instruments Stereo-scan ; 60 machine and 
images were produced of' various magnifications with scales of' tý picallý 100µm. 
Shown below are two SI: M images fier each comhoutid in the ('aNd, _vSmvS4 series. 
images are shown SClquIeIltlall\ Mill increasing samarium content. The left images (a) 
show the full SlIM image obtained fier each 01' the sulfide materials together with 
scale (dull) and the right hand image (h) shows a 100µn1 magnified region of' he 
compound particles. 
Figure 3.2.7a. and 3.2.71). tiI: M images of l "cal Ihu\\Ii in pIII 
Figure 3.2.8a. and 3.2.8h. tiI: M images of'('aNdi ; Smo; S4 scales shown in pm 
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Figure 3.2.9a. and 3.2.9b. SEM images of CaNdSmS4 scales shown in µm 
Figure 3.2.10a. and 3.2.10b. SEM images of CaNdO.; Smi,; S4 scales shown in Etm 
Figure 3.2.1 Ia. and 3.2.11b. SEM images of CaSm2S4 scales sho n in µm 
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SEM data collected for the sulfide materials in the CaNd2_XSmXS4 series showed that 
particles of the undoped CaNd2S4 end-member compound had sizes in the range 70- 
90µm. The smooth, plate-like nature of the particles can be seen in the magnified 
image of the SEM for CaNd2S4. The particles of the CaNd1.5Sm0.5S4 compound had 
the same size range, shape and plate-like nature as those of the undoped compound, 
but the surface of the particles was slightly rougher in appearance. In the CaNdSmS4 
compound, the particles still display the same plate-like shape and size range (70- 
90µm), and the surface of the particles had a rough appearance similar to the 
CaNd1.5Sm0.5S4 compound. The particles of the CaNd0.5Sm1.5S4 compound were again 
of similar size range to the rest of the previous compounds in the series but the shape 
was more distorted, with slightly pronounced ridges and folds in the particles surface, 
as the more irregular surface character of the samarium material was manifested in 
the doped compound. The end-member compound in the series was CaSm2S4 and the 
surface of the particles of this material were slightly corrugated and scale-like relative 
to the smooth particles of the CaNd2S4 compound. The particles in the observed 
region were also slightly larger possibly attributable to post reaction grinding factors. 
No crystalline impurity phases were detected in the XRD patterns for all compounds 
in the CaNd2_XSmXS4 doped series. 
3.2.3.3. Structural and bond valence data 
Table 3.2.2. Bond lengths and bond valence data for materials in the doped system 
CaNd2_XSmXS4 (where x=0-2.0) (e. s. d. 's are given in parenthesis) 
Compound CaNd2S4 CaNdlsSm0, sS4 CaNdSmS4 CaNd0. Sm1. S4 CaSm2S4 
Bond length Ca-S(I) 3.065(2) 3.066(2) 3.034(2) 3.051(l) 3.0350) 
Bond length Ca-S(2) 2.846(5) 2.838(2) 2.856(2) 2.830(1) 2.834(2) 
Total bond valence Ca +) 2.0(2) 2.0(2) 2.0(2) 2.1(2) 2.1(2) 
Bond length Nd-S 1 3.065(2) 3.066(2) 3.034(2) 3.051(1) - 
Bond length Nd-S(2) 2.846(5) 2.838(2) 2.856(2) 2.830(1) - 
Total bond valence Nit +) 3.1(2) 3.2(2) 3.2(2) 3.2(2) - 
Bond length Sm-S(I) - 3.066(2) 3.034(2) 3.051(l) 3.035(l) 
Bond length Sm-S(2) - 2.838(2) 2.856(2) 2.830(1) 2.834(2) 
Total bond valence (Sm") - 2.8(2) 2.8(2) 2.91(2) 2.9(2) 
Bond valence calculations for all compounds in the CaNd2_,, Sm,, S4 system showed 
that all materials were structurally stable, with all cations having valences close to 
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their theoretical ideal values (Ca2 = 2.0 ±0.1. Sm3 /Nd31 = 3.0 ±0.2). The cubic 1-43d 
unit cell structure based on refined structural data for the CaNd2_xSmxS4 doped sulfide 
materials is represented in Figure 3.2.12. 
Figure 3.2.12. Unit cell structure of CaNd2_xSmxS4 materials. The light shaded 
atoms represent sulfur and the small darker atoms represent the 
shared metal-cation sites. 
3.2.3.4. TPO data 
Temperature programmed oxidation profiles were collected for all materials prepared 
in the CaNd2_, SmxS4 series and the data were used as a guide to the oxidative stability 
of the prepared materials. Analysis of all sulfide compounds typically involved 
heating rates of I0K/min, with sample mass of 10 - 20mg (2.2.9). TPO measurements 
were collected and used as a guide to the level of oxygen stability of each compound 
under investigation across the stoichiometry range of the doped series. Oxidation 
profiles were collected for all materials in the CaNd2_, Sm, S4 series and are displayed 
in Figures 3.2.13 - 3.2.17. 
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Figure 3.2.13. Temperature programmed oxidation profile of CaNd2S4 
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Figure 3.2.14. Temperature programmed oxidation profile of CaNd1.5Smo. 5S4 
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Figure 3.2.15. Temperature programmed oxidation profile of CaNdSmS4 
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Figure 3.2.16. Temperature programmed oxidation profile of CaNdo. 5Smi. 5S4 
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Figure 3.2.17. Temperature programmed oxidation profile of CaSm2S4 
All sulfide materials prepared in the CaNd2. XSmXS4 series displayed a good degree of 
oxygen stability with all compounds being stable up to a temperature of 700°C. This 
is a beneficial property in a sulfide system and would be necessary for any potential 
use of the materials in high temperature ionic conductor applications. All compounds 
in the CaNd2. XSmXS4 system had similar oxidation onset temperatures around 700°C 
for the CaNd2S4 compound, with a gradual increase in oxidation onset temperature up 
to approximately 720°C with increasing samarium stoichiometry through the series. A 
summary of approximate oxidation onset temperatures across the series is given in 
table 3.2.3, which shows the gradual increase in oxidation stability as the samarium 
content of the materials increase. 
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Table 3.2.3. Summary of oxidation onset temperatures for materials in the system 
CaNd2_ySm, S4 (x =0-2.0) 
Compound Approximate oxidation onset temperature 
CaNd2S4 708°C 
CaNd1 ; Sm,,; S4 709°C 
CaNdSmS. 771 1 °C 
CaNd,,; Sm ; Si 717"C 7 
CaSm, S. j 720"C 
As shown in the refined structural data (table 3.2.1), the cell parameters for each of 
the compounds in the CaNd2_, SmyS4 system all decreased with increasing samarium 
content and the corresponding value of x. This decrease in cell parameter across the 
series is attributable to the replacement of neodynium-ions by samarium-ions on the 
shared cation sites. The linear trend in cell parameter vs dopant level in the CaNd2_ 
ySmvS4 system 
is shown graph 3.2.1. 
Graph 3.2.1. Graph showing the variation in cell parameter (A) with compound 
stoichiometry in the system CaNd2_, SmyS4 
Graph of dopant concentration vs cell parameter for the series 
CaNd(2-x)Sm(x)S4 
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CaNd2S4 CaNdl. 5SmO. 5S4 CaNdSmS4 CaNdO. 5Sml. 5S4 CaSm2S4 
compound stoichiometry 
The stoichiometry data for the CaNd2_ySmxS4 system obeys Vegard's Law, which 
states that unit cell parameter should vary linearly with composition. ''The collected 
data showed a linear decrease in cell parameter with increasing samarium content. 
Both the formula weight and density of the compound unit cell increased as the 
samarium content of each material increased. the trend toward increased density was 
also linear as shown in graphs 3.2.3. As the stoichiometric samarium content of each 
compound in the CaNd2_, SmxS4 system increases, the heavier and denser samarium- 
ions (RMM = 150.36) replace neodynium (RMM = 144.24) on the shared metal- 
cation sites. The linear trend in formula weight across the doped CaNd, _ySmxS4 series 
can be seen to increase from 1831.43 for the CaNd2S4 end-member compound to 
1876.22 for the CaSm2S4 material, as increasing quantities of samarium are 
incorporated into the structure. Similarly the calculated density obtained from the 
refined structural data for the doped materials also displayed a good linear trend 
across the series, and was seen to increase from 4.9g/em3 for the CaNd2S4 material to 
5.13g/cm3 for the CaSm2S4 end-member compound. 
Graph 3.2.3. Graph showing calculated density vs compound stoichiometry in the 
system CaNd2_ySrn S4 
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The XRD data collected for the sol-gel synthesis of the undoped CaNd2S4 compound 
showed that the cubic I-43d phase had been formed. The solution based method 
product had the characteristic dull-green colour of the CaNd2S4 compound, but was 
lighter in appearance than compounds prepared by the standard solid-state method. 
XRD data collected for the sol-gel product compound also showed significant 
impurity phases present in the pattern. It was assessed from the data collected that the 
solid-state method of preparation was far more efficient and yielded a product 
compound with a far higher level of purity than that produced by the sol-gel method. 
Structure refinements for all CaNd2_XSmXS4 materials prepared by solid state methods 
were well fitted, with Rwp values all less than 0.02 and y less than 5.7. The five 
compound stoichiometries prepared in the CaNd2_XSmXS4 system all displayed a high 
level of oxygen stability, a factor, which is important for their potential use as high 
temperature ionic conductors. There was a range of oxidation onset temperatures 
observed across the series, from CaNd2S4 (700°C), to CaSm2S4 (720°C). This range in 
properties further indicated that a good solid solution was achieved across the 
stoichiometry range studied. 
3.2.5. Conclusions 
3.2.5.1. CaNd2_XSmXS4 materials 
The second lanthanide was successfully incorporated onto the shared metal-cation site 
in the MLn2S4 parent compound. All materials in the novel series CaNd2. XSmXS4 
(where x= 0-2.0) were successfully synthesised and all prepared materials 
crystallised in the same cubic space group I-43d, with cell parameters forming a 
linear range from 8.53A to 8.47A with increasing samarium content. The observed 
colour of the materials also changed consistently from the dull grey-green colour of 
the CaNd2S4 end member compound to the mustard yellow colour of CaSm2S4, with 
the mid-range doped compound CaNdSmS4 having a yellow-green colouration 
representing an equal mixture of the two end-member colours. The nature and shape 
of the particles observed from the SEM data for each compound in the CaNd2. XSmS4 
series remained similar with small changes in surface texture, related to the amount of 
samarium present in each compound. Bond valence calculations showed that all five 
compounds in the series were structurally stable, with all cations having valences 
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close to their theoretical ideal values (Ca2+ = 2.0 ±0.1, Nd3+/Sm3+ = 3.0 ±0.2). All 
compounds prepared in the CaNd2_XSmXS4 series displayed good oxygen stability up 
to 700°C, with a slight increase in oxidation onset temperature as the relative 
samarium content in the compound increased. The XRD data showed a slight peak 
broadening effect in the 50% doped compound, with the pattern for CaNdSmS4 
having FWHM (full width at half maximum height) approximately 60% broader than 
the pure CaNd2S4 and CaSm2S4 compounds. This peak broadening is logical as there 
is an increase in the degree of site sharing as the mol% of samarium increases, 
reaching a maximum level of site sharing at the CaNdSmS4 compound. A plot of the 
cell parameter variation as a function of x (Graph 3.2.1) was clearly linear, from 
8.53A for the CaNd2S4 compound to 8.47A for the CaSm2S4 indicating a solid 
solution was achieved in the stoichiometry range studied. The change in cell 
parameters across the series was also apparent from the XRD data, with a slight but 
regular shift of the peaks in the pattern to a higher angle 20 for each compound, 
representing a decrease in cell parameter (from Bragg's law, Vd = 2sinO) as the 
overall samarium content of the hybrid compound increased. 
All measured properties including colour, cell parameters, bond valence, oxygen 
stability and particle characteristics varied linearly across the CaNd2_,, Sm,, S4 series, as 
the value of x increased indicating a good solid solution was achieved across the 
stoichiometry range studied. 
3.2.5.2. MLn2S4-xLn2S3 materials 
All members in the MLn2S4 xLn2S3 system were successfully synthesised and 
characterised in the space group I-43d, with approximate cell parameters across the 
series CaSm2S4 xSm2S3 8.47A, CaNd2S4 xNd2S3 z 8.53A, SrSm2S4 xSm2S3 
8.55A and SrNd2S4-xNd2S3 = 8.62A. All compounds in the series had stable 
structures confirmed by bond valence calculations, with all materials displaying good 
oxygen stability up to 700°C ±20°C. All prepared sulfide materials in the MLn2S4- 
xLn2S3 series possessed plate-like particles of similar size and shape as observed in 
collected SEM data (3.1.3.6). The preparation method for all MLn2S4-xLn2S3 
compounds was repeatedly tested and was successful for all series members 
attempted. During synthesis there were no distinct visible colour changes observed as 
the dopant level increased within each series in the MLn2S4-xLn2S3 system. Structure 
refinement showed that each compound in the MLn2S4-xLn2S3 system was a single 
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phase with no unindexed impurity peaks remaining in the patterns. The overall XRD 
patterns for each member series in the MLn2S4-xLn2S3 system were virtually 
identical. All compounds crystallised with the same cubic I-43d structure, the relative 
XRD patterns for each series were observed to shift to smaller 2-theta values with the 
increasing cell parameter of each series in the order CaSm2S4 <CaNd2S4 <SrSm2S4 
<SrNd2S4. The decreasing cell parameter within each series in the MLn2S4 xLn2S3 
system, as the structures incorporate more of the lanthanide dopant onto the shared 
cation site is shown in graphs 3.1.1 - 3.1.4. The linear decrease in cell parameter with 
increasing dopant concentration was a good indication that a solid solution was 
achieved in the dopant range studied. The presence of anion vacancies commented on 
previously and associated systemic disorder in the anion sub-lattice, which gave rise 
to the observed ionic conduction, was supported by Rietveld refinement, ICP and 
titration data with the level of vacancies increasing linearly with the increasing level 
of added Ln2S3 dopant. All the compounds in the MLn2S4-xLn2S3 system displayed a 
high level of oxygen stability, an important factor for potential use in high 
temperature ionic conductor applications. While all compounds in the series 
displayed similar TPO onset temperature of around 700°C, oxidation onset 
temperatures decreased slightly across each series, with increasing Ln2S3 dopant level 
indicating a slight decrease in the stability of each system as the level of structural 
disorder and the associated intrinsic vacancies increased. The mode of conduction for 
MLn2S4 type compounds was determined by Kalinina et al, 2 to be primarily by the 
motion of sulfide-ions via Schottky defects in the lattice, with a minor contribution to 
the conduction by mobility of calcium-ions. 
The MLn2S4 xLn2S3 systems have an intrinsically disordered lattice structure and the 
doped materials possess the stoichiometry and physical properties and in particular 
the anion non-stoichiometry, which can lead to structural anion sublattice disorder 
and associated vacancies and could give rise to sulfide-ion mobility / conductivity 
within these systems. All MLn2S4 xLn2S3 (where M= Ca, Sr and Ln = Nd, Sm) 
sulfide materials were therefore taken forward for conductivity testing and assessment 
for possible application as high temperature sulfide-ion conductors. 
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CHAPTER 4 
Preparation, characterisation and ionic substitution 
of Ruddlesden-Popper sulfide systems 
4. Preparation and characterisation of Ruddlesden-Popper sulfides 
Ruddlesden-Popper phases consist of intergrowths of perovskite blocks (ABOS) with 
rock salt layers (AO), these blocks arrange themselves in the form (ABOS) (AO) 
according to the "n" number of the compound, ' another common name often given to 
these materials is layered perovskites. The general formula of Ruddlesden-Popper 
compounds is A . Iß,,. 
ß:;,, i an example of the stoichiometric variations displayed in a 
Ruddlesden-Popper compound series is shown in Figure 4.1.1. 
(n = co) ABO3 (n = 1) A2BO, (n = 2) A3B207 
Figure 4.1.1. Diagram of Ruddlesden-Popper type phases with increasing "n" layers 
4.1. Preparation and investigation into common-ion flux synthesis of Ba3Zr2S7 
4.1.1. Introduction 
The perovskite structure possesses a high degree of compositional flexibility, being 
able to tolerate a wide variety of cations on both the A and 13 sites, together with 
significant anion non-stoichiometry / deficiency within the structure. Variations in the 
relative size and charge of the A and B cations can be accommodated in a number of 
ways. The most common of which involve distortion of the ideal tetragonal structure, 
usually involving a tilting of the B-site octahedra. A variety of doped and un-doped 
Ruddlesden-Popper strontium titanate compounds have been prepared. º which have 
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the ability to conduct oxide-ions, the highest level of ionic conduction being observed 
in the (n = 2) compound. There has also been considerable work produced on other 
oxide-ion conducting Ruddlesden-Popper phases 2 together with the general ionic 
conduction of layered perovskite oxides. 2'3 The investigation of oxygen stoichiometry 
in the system Sr3M2O7 5 and the subsequent modification of the M cation site to create 
oxygen non-stoichiometry and disorder giving rise to high temperature anionic 
mobility 2,4,6 have both been studied. A similar doping modification of the B site in 
A3B2S7 materials could potentially yield analogous sulfide-ion conductivity. The 
conduction of M cations in 14/mmm Ruddlesden-Popper oxide phases has been 
strongly linked to the degree of covalency in the M-O bonding of the compound. 7 
The strength and polarisation of the bond holding an ion in its lattice position also 
relates to the activation energy required for conduction of that ion. Rietveld data and 
atomic positions for the Ba3Zr2S7 system were obtained and the system was found to 
crystallise with the tetragonal space group 14/mmm. 8 Preparation methods for the 
Ba3Zr2S7 compound were described previously by Chen and Eichhorn. 8 The material 
was found to be a member of the Ruddlesden-Popper series of compounds, having an 
(n = 2) doubled perovskite layer. A BaC12 common-ion flux was used in the 
preparation and compounds were reacted from the appropriate metallic sulfides at 
1323K (1050°C). The aim of this work was to investigate how the common-ion flux 
affects the reaction and the physical and chemical properties of the prepared sulfide 
materials, which were synthesised with and without the presence of a common-ion 
flux. 
4.1.2. Experimental 
The preparation of the compound Ba3Zr2S7, involved BaS and ZrS2 being combined 
in a 3: 2 molar ratio and ground to a particle size of < 50 µm in an agate pestle and 
mortar. All grinding of the sulfides was carried out in the glove box, in an argon 
atmosphere, to avoid the oxidation of the air sensitive sulfide compounds. There were 
two synthesis methods attempted, the first used just the sulfides alone with no flux 
present, and in the second method, 10% by weight of a BaC12 flux was added. Once 
the compounds were combined and ground together, they were transferred into silica 
tubes. The tubes were then capped, removed from the glove box and evacuated on a 
high vacuum line. The silica reaction vessels were then weld-sealed and placed into a 
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protective inconel tube within the tube furnace. The reaction vessels were heated to 
1050°C at a rate of 2°C /min and allowed to dwell at 1050°C for 24 hours to react. 
The compound synthesised with the flux, was washed with acetone, filtered and dried 
then H2S annealed. The samples were then transferred to XRD mounting discs, and 
sealed with Mylar film to prevent oxidation. Initial phase determination was assigned 
based on PXD data collected on 90 minute scans over the 2-theta range 25-90°. 
Rietveld structural analysis was performed, using powder XRD data collected in the 
range 25 - 1100 over a period of 15 hours. Monochromatic Cu (Kai) radiation was 
employed with a step size of 0.014°. Rietveld Structural refinement was performed 
using the GSAS refinement program9 and initial stages of refinement used the 
tetragonal I4/mmm structural model obtained from the literature. 8 SEM data were 
collected for Ba3Zr2S7 from a powdered sample of the flux synthesised compound, 
mounted on a 10mm diameter adhesive backed mounting stud, using a Cambridge 
Instruments Stereo-scan 360 machine and images were produced with a scale of 
100µm. TPO (temperature programmed oxidation) data were also collected for 
samples prepared with and without flux and used as a general guide to the oxygen 
stability of the materials. 
4.1.3. Results and Discussion 
The powder X-ray diffraction data for the sulfide materials synthesised both with and 
without a common-ion flux, showed that the compound reacted without the BaC12 
flux, did not form the Ba3Zr2S7 phase. The product of the reaction without flux was 
the tetragonal Ba2ZrS4 (n =1 member of the Ruddlesden-Popper series), together 
with unreacted barium sulfide and zirconium sulfide staring materials. Initial phase 
assessments were made by comparison to the JCPDS powder diffraction database. '° 
Indexed patterns from the database are shown overlayed on the collected diffraction 
patterns for Ba3Zr2S7 materials prepared without a flux shown in Figure 4.1.2 and 
materials prepared with al Owt% common-ion flux shown in Figure 4.1.3. 
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Ba3Zr2S7 (no flux) 
Figure 4.1.2. Powder X-ray diffraction pattern obtained for the Ba3Zr2S7 material 
synthesised without a common-ion flux, data referenced to relevant 
JCPDS files for the constituent sulfides 
Ba3Zr2S7 (flux) 
5 
Figure 4.1.3. Powder X-ray diffraction pattern obtained for the Ba3Zr2S7 material 
synthesised with a IOwt% common-ion flux, data referenced to JCPDS 
file for tetragonal barium zirconium sulfide 
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4.1.3.1. Structure refinement 
The powder X-ray diffraction pattern collected for the compound prepared with a 
lOwt% BaC12 flux was referenced to the JCPDS diffraction data for tetragonal 
14/mmm, Ba3Zr2S7 with an excellent match. The product material appeared as a fine 
dark brown crystalline powder and collected XRD data showed that the (n = 2) 
member of the Ruddlesden-Popper series was formed. Rietveld Structural refinement 
was performed using the GSAS refinement program 9 and initial stages of refinement 
used the tetragonal 14/mmm structural model obtained from the literature. Final 8 
stages of refinement included all atomic coordinates and temperature factors for all 
atoms. The Mylar film used to cover samples during the X-ray diffraction process 
produced an additional contribution to the background of the XRD pattern, which was 
refined using the absorption function, during structure refinement. The Rietveld 
refinement profile obtained for the Ruddlesden-Popper sulfide compound Ba3Zr2S7 is 
shown in Figure 4.1.4, with refined structural data summarised in table 4.1.1 and 
4.1.2. 
Bo3Zr2S7 
Lombdo 1,5405 A. 
c 
we 
O 
C 
C 
f 
C 
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N0 
cr äo 
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30.0 40.0 
2-Theto, deg 
Hist 1 
Figure 4.1.4. Refinement profile for Ba3Zr2S7 (upper solid line represents observed 
data and the upper crossed line the calculated pattern, the lower solid 
line represents the fit) 
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Table 4.1.1. Refined Atomic parameters for Ba3Zr2S7 (e. s. d. 's given in parenthesis) 
Parameter Ba3Zr2S7 
Crystal system Tetragonal 
Space group 14/mmm 
Refined cell parameter a (d) 5.0040(3) 
Refined cell parameter b ä) 5.0040(3) 
Refined cell parameter c (i) 25.5301(2) 
Formula weight (unit cell) 1637.816 
Volume ( (unit cell) 639.274 
Density cm (calculated) 4.254 
R 0.0276 
6.660 
Table 4.1.2. Atomic positions and thermal parameters for Ba3Zr2S7 
(e. s. d. 's are given in parenthesis) 
Atom x z Ui-so 
Bal 0.00000 0.00000 0.00000 0.02321 
Ba2 0.00000 0.00000 0.18162(2) 0.0189(2) 
Zr 0.00000 0.00000 0.40230(l) 0.0276(1) 
S1 0.00000 0.50000 0.40471(3) 0.0355(1 
S2 0.00000 0.00000 0.30241(5) 0.0341(2) 
S3 0.00000 0.00000 0.50000 0.0011(2) 
4.1.3.2. SEM data 
SEM data were collected from powder samples mounted on 10mm diameter adhesive 
backed mounting studs, using a Cambridge Instruments Stereo-scan 360 machine and 
images were produced with 100µm magnification. SEM data for the compounds 
Ba3Zr2S7 prepared with flux are shown in Figures 4.1.5. The left image (a) shows the 
full SEM image obtained together with scale (µm), the right hand image (b) shows a 
magnified region of the compound particles with scale shown. The square shaped, 
tile-like particles of the Ba3Zr2S7 material can be clearly seen from the SEM data in 
the magnified image of Figure 4.1.5b. These tetragonal crystals were agglomerated 
into irregular particles in the size range 30-50µm. More efficient grinding, e. g. ball 
milling, followed by increased mesh sieving would reduce particle size further. 
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Figure 4.1. Sa. and 4.1.5b. SEM images of Ba; Zr2S7 prepared with common-ion flux 
4.1.3.3. Structural and bond valence data 
Table 4.1.3. Derived bond lengths for Ba3Zr2S7 (A) (e. s. d. 's given in parenthesis) 
Bond Bond length 
Bal SI 3.492(6) 
Ba l S3 3.53837(23) 
Bat SI 3.343(6) 
Bat S2 2.970(15) 
Bat - S2 3.5721(18) 
Zrl - SI 2.50256(24) 
Zrl - S2 2.654(15) 
Zrl - S3 2.489(4) 
Table 4.1.4. Derived bond angles for Ba3Zr2S7 (e. s. d. 's are given in parenthesis) 
Angle Degrees 
sl Ba l SI 91.53(19) 
St Bal SI 60.88(11) 
SI Ba l SI 88.47(19) 
SI Ba l sl 179.97(10) 
SI Bal SI 119.12(II) 
S -Ba! l- sl 179.96(10) 
SI Ba2 Sl 96.93(24) 
SI Ba2- SI 63.91(13) 
SI - Ba? S2 131.54(12) 
SI Al St 177.6(4) 
SI Zr I SI 89.974(8) 
SI Zr! S2 91.21(19) 
SI - Zrl S3 88.79(19) 
S2 Al S3 180.00(10) 
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Table 4.1.5. Bond valence data for Ba3Lr2S7 (e. s. d. 's are given in parenthesis) 
Metal ion Bond Bond valence value 
Ba Ba S '? (I ) 
Lr Zr S 4.33 (I) 
Bond valence calculations for the (ii = 2) Ba3Zr2S7 compound show that the system 
was structurally stable. with divalent and tetravalent cations having valences close to 
their theoretical values (Ba2 = 2.0 ±0.2. Zr4 = 4.0 +0.25). The slightly elevated 
values for the cation valence indicate a small degree of structural strain within the 
system, possibly related to the adoption of the Ruddlesden-Popper layer structure. 
The tetragonal unit cell of the sulfide material Ba Zr-, S7 with space group 14/mmm 
based on refined structural data is shown in Figure 4.1.6, with the three dimensional 
(n = 2) Ruddlesden-Popper lattice structure shown in Figure 4.1.7. 
Figure 4.1.6. Diagram of the tetragonal unit cell structure of Ba3Zr2S7 with space 
group 14hnnnn, small light shaded spheres represent zirconium, large 
dark shaded spheres represent barium and larger light shaded atoms 
represent sulfur. 
94 
Figure 4.1.7. Diagram of the (n = 2) Ruddlesden-Popper structure of Ba3Zr2S7. The 
dark spheres located throughout the structure represent barium (11) 
ions and the light grey shaded polyhedra in the structure represent ZrS6 
octahedra separated by the BaS interlayers in the compound. The 
double perovskite layer can be seen in the centre of the image. 
4.1.3.4. TPO data 
Oxidation profiles were collected for Ba3Zr2S7 materials synthesised with and without 
common-ion flux with heating rates of IOK/min and sample masses of 20mg and 
results were compared. The TPO profile obtained for the product synthesised with 
flux (Figure 4.1.9) shows one distinct oxidation peak with an onset temperature of 
750°C. This is consistent with the oxidation of a single pure phase and the compound 
displayed a good degree of oxygen stability up to this point. The TPO profile which 
was obtained for the product prepared without flux (Figure 4.1.8) contrastingly, 
shows a series of 4 oxidation peaks beginning at 400°C. reflecting the multiple phases 
present within the sample. This supports the powder XRD data, which indicated the 
presence of multiple sulfide phases within the non-flux sample. 
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Figure 4.1.8. TPO profile for Ba3Zr2S7 sample without flux, heating rate = IOK/min 
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Figure 4.1.9. TPO profile for Ba3Zr2S7 sample with lOwt% BaC12 flux added, 
heating rate =1 OK/min 
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4.2. Preparation of A-site substituted Pb3Zr2S7 and Sr3Zr2S7 sulfide systems 
4.2.1. Introduction 
The synthesis method for these A3B2S7 sulfide compounds was an adaptation on the 
work described by Chen, and Eichhorn. 8 There has to date been little research focused 
on the synthesis and properties of Ruddlesden-Popper sulfides and in particular, 
variation of the A cation in the system. As an extension to the study of the 
Ruddlesden-Popper compounds of the form Ba3Zr2S7 and the crucial role of the 
common-ion flux in the synthesis, the A cation in the compound will be varied in an 
attempt to prepare and characterise novel Ruddlesden-Popper sulfides of the form 
A3B2S7. In the selection of possible substituent metal cations, lead (II) was selected as 
a possible replacement A cation in the synthesis of the (n = 2) phase, because of its 
valence and relative similarity in size (1.24A) to the large barium (II) cation (1.34A). 
Strontium (II) was also selected as a replacement A cation, due to its relatively 
similar ionic ratio (1.12tß) to the barium (II) ion (1.34A) and its similar chemistry, 
both being group (II) cations. Strontium and lead analogue materials in the (n = 2) 
series of Ruddlesden-Popper sulfides have not to date been synthesised. The 
syntheses for these compounds were attempted, both with and without a common-ion 
flux, in a similar method as used for the Ba3Zr2S7 compounds. 
4.2.2. Experimental 
The preparation of the compounds A3Zr2S7, involved PbS / SrS and ZrS2 being 
combined in a 3: 2 molar ratio and ground to a particle size of < 50 µm under argon, in 
a glove box. There were flux and non-flux synthesis methods attempted, similar to 
that used for the Ba3Zr2S7 compounds. The common-ion flux used was a lOwt% of 
AC12 (where A= Pb/Sr) added to the reaction mixtures. The ground compounds were 
transferred into silica tubes and evacuated on a high vacuum line. The silica tubes 
were then weld-sealed and placed into an inconel tube within the tube furnace. The 
reaction vessels were then heated to 1050°C at a rate of 2°C/min. The temperature 
was then allowed to dwell at 1050°C for 24 hours. The samples were then sealed with 
Mylar film and transferred to the X-ray diffractometer for PXD analysis. XRD data 
were collected in the range 25 - 110° over a period of 15 hours. Monochromatic Cu 
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(K(xi) radiation was used, and the scan was run at a step size of 0.014°. XRD patterns 
were compared to the JCPDS database. 1° Information on particle size and shape of the 
prepared materials were collected by SEM data from powder samples mounted on 
10mm diameter adhesive backed mounting studs, using a Cambridge Instruments 
Stereo-scan 360 machine and images were produced of various magnifications with a 
scale of 100µm. 
4.2.3. Results and Discussion 
4.2.3.1. XRD data 
The XRD data collected for the attempted Pb3Zr2S7 materials, showed that the 
compounds reacted with and without the PbC12 flux, formed very similar products 
and displayed virtually identical XRD patterns, both having formed the (n = oo) 
PbZrS3 perovskite phase with unreacted lead sulfide present as a separate phase. After 
reaction, both products had a non-homogeneous appearance with crystals of various 
sizes, the product compounds were both a medium red-brown colour, and the flux had 
no discernable effect on the reaction. The particles formed in the Pb3Zr2S7 sample 
reacted with a flux present, were very large plate like particles of >100µm, inter- 
mixed with needle-like crystals. The XRD data collected for the attempted strontium 
analogue Sr3Zr2S7 compounds mirrored the results for the lead based compounds. The 
data showed that the materials reacted with and without the SrC12 flux, also formed 
very similar products with virtually identical XRD patterns, both forming the (n = oo) 
SrZrS3 perovskite phase with unreacted SrS present. After reaction both products had 
a non-homogeneous appearance with crystals of various sizes, the product 
compounds were again both medium red-brown in colour, although they displayed a 
slightly stronger red than the lead based compounds. Indexed patterns from the 
JCPDS database are shown overlayed on the collected diffraction patterns for 
Pb3Zr2S7 and Sr3Zr2S7 materials prepared with and without the presence of common- 
ion fluxes. Shown in Figures 4.2.1 and 4.2.2 are the collected diffraction data for 
Pb3Zr2S7 materials prepared with and without a IOwt% common-ion flux and 
collected data for the Sr3Zr2S7 materials are shown in Figures 4.2.3 and 4.2.4. 
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Pb3Zr2S7(no flux) 
Figure 4.2.1. Powder X-ray diffraction pattern obtained for the Pb3Zr2S-1 material 
synthesised without a common-ion flux, data referenced to relevant 
JCPDS files for the constituent sulfides 
Pb3Zr2S7 (flux) 
Figure 4.2.2. Powder X-ray diffraction pattern obtained for the Pb3Zr2S7 material 
synthesised with a 1Owt% common-ion flux, data referenced to 
relevant JCPDS files for the constituent sulfides 
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Figure 4.2.3. Powder X-ray diffraction pattern obtained for the Sr3Zr2S7 material 
synthesised without a common-ion flux, data referenced to relevant 
JCPDS files for the constituent sulfides 
Sr3Zr2S7 (flux) 
E 
Figure 4.2.4. Powder X-ray diffraction pattern obtained for the Sr3Zr2S7 material 
synthesised with a 1Owt% common-ion flux, data referenced to 
relevant JCPDS files for the constituent sulfides 
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The powder X-ray diffraction patterns obtained for both compounds. when referenced 
to the JCPDS database showed that the same orthorhombic Pb7rS3 and SrZrS3 phases 
had been formed irrespective of the presence of the added flux. 
4.2.3.2. SEM data 
SEM data were collected from powder samples mounted on 10mm diameter adhesive 
backed mounting studs. using a Cambridge Instruments Stereo-scan 360 machine and 
images were produced with 100µm magnification. SEM data for the compounds 
Pb3Zr2S7 and Sr3Zr2S7 prepared with flux are shown in Figures 4 . 2.5 and 4.2.6 
respectively. The left images (a) show the full SEM image obtained together with 
scale (µm). the right hand images (b) show a magnified region of the compound 
particles with scale shown. The particles formed in the Pb-Zr2S7 sample reacted with 
a flux present, were very large plate like particles of >100µm, inter-mixed with 
needle-like crystals. The particles formed in the attempted Sr3Zr2S7 compound reacted 
with flux. were visible with the SIN as very large irregular block shaped particles of 
>100µm, surrounded by clusters of'very small crystals of various shapes of <I0}un in 
size, the general size range and distribution being similar to the SEM data for the flux 
reacted, lead based system. Both results contrast the evenly sized. more regular 30- 
50µm tetragonal particles Formed in the Ba3Zr-2S7 compound. 
Figure 4.2.5a. and 4.2.5h. S}; M images of Ph /r2S7 prepared with common-ion flux 
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Figure 4.2.6a. and 4.2.6b. SFM images of Sr3Zr, S7 prepared with common-ion flux 
The compounds which were formed in the flux assisted and non-flux assisted 
syntheses for the strontium materials were comparable to the reaction products of the 
lead based materials, which formed PbZrS3 in all cases. The (n = 2) members of the 
Ruddlesden-Popper series (Pb3Zr-2S7) and (Sr3Zr2S7) were not formed as the product 
of either reaction and the presence of the common-ion flux appeared to have no 
observable affect on the reaction products. A summary of the compounds, various 
reaction conditions and their results for the various attempted Ruddlesden-Popper 
syntheses are shown in table 4.2.1. 
Table 4.2.1. Summary of Ruddlesden-Popper syntheses 
Compound Flux Reaction Conditions "n" member of Product 
Fellip ("C) I ime (hr) Ruddlesden-Popper series 
Ba; Zr, S, None 1050 24 n=I Ba2ZrS4 
Ba; Zr, S7 I Owt4o Bad 1, 1050 24 n=2 Ba; Zr, S7 
Pb; Zr=S, None 1050 24 n= CID PbZrS; 
Pb; Zr, S, lOwt°ö PhCI, 1050 24 n PbZrS; 
Sr; Zr2S- None 1050 24 11 r SrZrS; 
Sr; Zr=S7 IOwt°o SrCI, 1050 24 11 i SrZrS, 
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4.2.4. Conclusions 
The (n = 2) member of the Ruddlesden-Popper series, Ba3Zr2S7 was successfully 
synthesised and characterised in the tetragonal space group 14/mmm, with cell 
parameters a=b=5.004A, and c= 25.530A. The compound synthesised with the 
BaC12 flux formed the double perovskite layered (n = 2) structure of a Ruddlesden- 
Popper phase, while the compound synthesised without the flux present adopted the 
simpler, (n = 1) structure Ba2ZrS4 under identical reaction conditions. This 
demonstrates the necessity for the use of a flux in the synthesis of Ruddlesden-Popper 
sulfides of this form. The structural refinement for Ba3Zr2S7 was well fitted, with an 
Rwp value of less than 0.028 and x2 of less than 6.7. The (n = 2) compound had a 
stable structure confirmed by bond valence calculations, and the material also 
displayed good oxygen stability up to 750°C. The tetragonal lattice parameters for the 
undoped Ruddlesden Popper oxide compound Sr3Ti2O7 are aZ3.89A and c 21.45A 
4 relative to the Ba3Zr2S7 sulfide lattice, which has cell parameters (a 5.00A and cz 
25.50A), 8 to accommodate the larger ions within the structure. The layer channels in 
the A3B2S7 Ruddlesden-Popper structure provide a degree of structural flexibility, 
which could potentially allow the mobility of sulfide-ions through the lattice, 
analogous to that observed in Ruddlesden-Popper oxide systems. 2,4 Sulfide-ions 
(1.84A) possess larger ionic radii than oxide-ions (1.32A), which means that the 
activation energy required for the mobility of S2" ions in any system, would generally 
be higher than that of an analogous oxide system. The (n = 2) Ba3Zr2S7 compound 
crystallised with the same tetragonal 14/mmm structure as the Ruddlesden-Popper 
oxide-ion conductor prepared by Shimura et al, 4 and this material would potentially 
be suitable for doping on the zirconium site, analogous to the B-site doping in the 
Ruddlesden-Popper oxide systems. 2,4 Collected data for the analogous lead based 
sulfide system showed that the (n = 2) member of the Ruddlesden-Popper series, 
Pb3Zr2S7 could not be easily synthesised under similar reaction conditions, the 
compound formed in both flux assisted and non-flux assisted syntheses, was the same 
(n = co) perovskite compound. The (n = 2) Ba3Zr2S7 compound was successfully 
synthesised with a common-ion flux and without the presence of the flux, the barium 
system was observed to adopt the (n = 1) structure Ba2ZrS4. In contrast to this the 
lead based system did not adopt either of these structures, but formed the simpler, 
non-layered (n = oo) perovskite compound PbZrS3. The same product compound was 
formed under flux and non-flux conditions. The fact that the same product was 
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formed irrespective of the presence of a flux, suggests that under the reaction 
conditions used the Pb2+ cation cannot adopt the layered structure of the (n = 2) 
Ruddlesden-Popper phase, formed by the Ba2+ ion in Ba3Zr2S7. The attempted 
synthesis of the compound Sr3Zr2S7 produced similar results to the lead based 
compounds and also did not yield the (n = 2) compound in the Ruddlesden-Popper 
series. From the data collected, the results show that Sr3Zr2S7 also could not be 
synthesised. The compound formed in the common-ion flux assisted and non-flux 
assisted syntheses, was comparable to the products of the lead based reactions 
(PbZrS3), which formed an analogous (n = oo) perovskite compound SrZrS3. These 
results again contrasted the reactions of the barium compound. In the lead and 
strontium compounds the product formed in both cases was the simpler, non-layered 
(n = oo) perovskite material AZrS3, where A= Pb/Sr. The flux added in the synthesis 
of the lead and strontium based materials had no discernable effect on either reaction. 
This suggests that under the reaction conditions employed, the Sr2+ and Pb2+ cations 
are not able to adopt the layered structure of the higher order (n = 2) Ruddlesden- 
Popper phase formed by the Ba2+ ion in Ba3Zr2S7. The next viable divalent cation in 
terms of ionic radii and chemistry would be Cat+, which has an ionic radius of 0.99tß, 
which is considerably smaller than the barium-ion (1.34A). The collected data 
suggests that sulfide systems of the form A3B2S78 do not possess the same degree of 
structural and compositional flexibility as the oxide analogue materials A3B207 
2,4 
Possible further work on the A3B2S7 type materials could involve an alternate flux 
approach with a divalent flux containing cations of a dramatically different size to the 
product compound, which would prevent the flux ions from entering the structure and 
causing impurities, these ions would then have to be thoroughly removed from the 
product after synthesis. Complete A-site substitution of barium in the Ba3Zr2S7 
materials with Pb2+ and Sr2+ was unsuccessful in this case, as the (n = 2) phases were 
not formed with the particular flux conditions employed, however, partial substitution 
of the A-site or B-site cations has been shown to dramatically improve the oxide-ion 
conductivity of isostructural oxide systems, particularly by doping the tetravalent 
cation on the B-site with trivalent cations, in order to introduce oxide-ion vacancies 
into the system. The Zur-Loye group, " have investigated the doping of Ruddlesden- 
Popper type oxide systems Sr3Zr2.. MXO7_y and Sr3Ti2_XMXOi_y (where M= A13+, Ga3+, 
Ina+) to create materials, which show significantly increased oxide-ion conductivity 
(up to 2 orders of magnitude) from that of the undoped parent compounds Sr3Zr2O7 
and Sr3Ti2O7. The oxide materials of this type have been doped on the tetravalent B- 
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site with trivalent cations, in order to create oxide vacancies, and the authors have 
successfully produced materials such as the anion deficient oxide-ion conducting 
compound Sr3Zr199Alo. 1O6.95. The same study also observed that the ionic-conductivity 
of these doped Ruddlesden-Popper systems could be increased further, by another 
order of magnitude, when the A cation was changed from Sr to Ca, and/or the B 
cation dopant was changed from A13+ to Mgt+, which would involve the creation of 
further anion vacancies within the system. As mentioned previously complete A-site 
substitution of barium in the Ba3Zr2S7 materials with Pb2+ or Sr2+ was unsuccessful 
with the common-ion fluxes and reaction conditions employed in this case. However, 
if the isostructural sulfide material Ba3Zr2S7 could be doped on the B-site in an 
analogous way to the doped Ruddlesden-Popper oxide systems Sr3Zr1,9Alo. 106.95 
using appropriately sized trivalent cations for the tetravalent zirconium site (Zr4+ = 
0.79A) in the sulfide system, such as In3+ (0.81A) in order to create isostructural 
materials with the stoichiometry Ba3Zr1,9Ino. IS6.95, then ionic conductivity of these 
systems could potentially be improved. Based on data from the oxide systems, the 
resultant doped compounds could potentially display comparable increases in 
conductivity. 
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4.3. Preparation of B-site substituted Ba3M2S7 (M = Zr, Hf, Ti, Ta, W) sulfides 
4.3.1. Introduction 
The layered (n = 2) Ruddlesden-Popper' sulfide material Ba3Zr2S7 has been 
successfully synthesised with the use of a common-ion flux (chapter 5) and an 
investigation was undertaken into the possible substitution of the A-site cation in the 
structure. After various experiments with similar divalent cations, the results showed 
that while it was possible to prepare (n = oo) perovskite type structured sulfides, the (n 
= 2) layered structure could not be achieved in any of the materials except those 
containing barium and involving the use of a common-ion flux. The next logical step 
was to substitute the B-site cation in the material with suitable tetravalent cations, in 
an attempt to produce compounds of the form Ba3M2S7 (where M= Ti, Hf, Ta, W). 
Following successful synthesis of any or all of these would-be novel Ruddlesden- 
Popper sulfide materials, the structures would be doped on the B-site with appropriate 
trivalent cations such as Ga3+, Y3+, In3+ or Lai+, which would produce sulfide 
analogues of the oxide materials prepared by the Zur-Loye group, 11 who have 
investigated the B-site doping of (n = 2) Ruddlesden-Popper oxide systems and have 
created materials which show significantly increased oxide-ion conductivity 
compared to those of the undoped parent compounds. The aim of this work will 
therefore be to create a series of novel (n = 2) Ruddlesden-Popper type sulfide 
compounds, by substitution of the B-site cation in Ba3Zr2S7 and the subsequent 
doping of these systems with appropriate trivalent cations, in order to introduce anion 
vacancies and further increase any ionic mobility / conductivity within the systems. 
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4.3.2. Experimental 
The Ba3M2S7 materials were prepared by the direct combination of BaS and MS2 
(where M= Ti, Hf, Ta and W) and all syntheses involved a 10mol% BaC12 common- 
ion flux. The prepared reaction mixtures were finely ground with pestle and mortar 
under argon in the glove box and were transferred into silica tubes, which were then 
evacuated on a high vacuum line and weld-sealed. Reaction vessels for all Ba3M2S7 
materials were heated to 1050°C at a rate of 1°C /min, where the furnace was allowed 
to dwell for a period of 24 hours. Initial phase determinations were obtained from 
XRD data in the range 25 - 65° collected over a period of 1 hour. Refinement quality 
XRD data were collected across the range 25 - 110° over a period of 15 hours. 
Monochromatic Cu (Kai) radiation was used and scans were run with a step size of 
0.014°. SEM data were collected for successful materials and powdered samples were 
mounted onto 10mm diameter mounting stubs, data were collected using a Cambridge 
Instruments Stereo-scan 360 machine, producing a range of images with typical 
scales of 100µm. UVNis spectra were collected for each of the doped materials and 
used to investigate and compare changes in colour and visible range absorption 
spectra due to the presence / quantity of the various divalent cation dopants. Colour 
measurements and visible absorption data were collected for sulfide samples using a 
Perkin-Elmer Lambda 35 UV/Vis spectrometer, with a titanium dioxide blank 
standard. Absorption data were collected across range 400-800nm, with data intervals 
of 1 nm and a scan speed of 240nm/min. Data were plotted as wavelength vs 
percentage relative absorption and analysed using the UV Winlab software. 
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4.3.3. Results and Discussion 
4.3.3.1. XRD Data and Structure refinement 
The XRD data collected for the Ba3M2S7 sulfide materials showed a range of results. 
The Ba3Ti2S7, Ba3Ta2S7 and Ba3W2S7 compounds did not form the single-phase target 
products, but instead formed a combination of binary sulfides and BaMS3 type 
compounds. The maximum reaction temperature, which was reached without reactant 
compounds melting and destroying the silica of the reaction vessels was 1150°C / 24 
hours. Syntheses at all temperatures produced powders in each case with similar 
colour and appearance and the subsequent XRD phase analysis showed that the single 
phase target materials were not produced for the Ba3Ti2S7, Ba3Ta2S7 or Ba3W2S7 
materials. The collected XRD data for the Ba3M2S7 materials (where M= Ti, Ta and 
W) are shown in figures 4.3.1,4.3.2 and 4.3.3 respectively, with a summary of results 
shown in table 4.3.1. 
Ba3T12S7 
Figure 4.3.1. Powder X-ray diffraction pattern obtained for the Ba3Ti2S7 sample 
material with data referenced to relevant JCPDS1° files 
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Ba3Ta2S7 
Figure 4.3.2. Powder X-ray diffraction pattern obtained for Ba3Ta2S7 sample 
Ba3W2S7 
Figure 4.3.3. Powder X-ray diffraction pattern obtained for Ba3W2S7 sample 
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Table 4.3.1. Summary of reaction conditions and results for Ba3(Ti/Ta/W)2S7 
samples. 
Target Phase Temperature (°C) Reaction time (hr) Results of XRD phase analysis 
Ba3Ti2S7 1050 24 Phases present = unreacted BaS and BaTiS3 
Ba3Ti2S7 1100 24 Phases present = unreacted BaS and BaTiS3 
Ba3Ti2S7 1150 24 Phases present = unreacted BaS and BaTiS3 
Ba3Ta2S7 1050 24 Phases present = unreacted BaS and BaTaS3 
Ba3Ta2S7 1100 24 Phases present = unreacted BaS and BaTaS3 
Ba3Ta2S7 1150 24 Phases present = unreacted BaS and BaTaS3 
Ba3W2S7 1050 24 Phases present = unreacted BaS and WS2 
Ba3W2S7 1100 24 Phases present = unreacted BaS and WS2 
Ba1 W2S7 1150 24 Phases present = unreacted BaS and WS2 
The (n = 2) Ruddlesden-Popper type sulfide material Ba3Zr2S7, which crystallised 
with the tetragonal space group 14/mmm with approximate parameters: a=5.00A, c 
= 25.53A has been successfully prepared with a 10mol% common-ion flux. Using the 
same synthesis method modified for hafnium, the Ba3Hf2S7 phase was produced after 
repeated syntheses. However, it proved extremely difficult to isolate the pure (n = 2) 
phase, with repeated syntheses resulting in small amounts of barium sulfide or 
hafnium sulfide impurity phases remaining in the pattern, the best product sample 
achieved was refined using the GSAS9 suite of programs, with the impurity peaks 
excluded from the refinement and the material crystallised with the tetragonal space 
group 14/mmm with approximate parameters: a=4.95A, c= 25.29A. 
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Table 4.3.2. Refined Atomic Parameters for Ba3Zr2S7 and Ba3Hf2S7 materials 
(e. s. d. 's are given in parenthesis) 
X= Ba3Zr2S7 Ba3Hf2S7 
Crystal system Tetragonal Tetragonal 
Space group 14/mmm 14/mmm 
Refined cell parameter a (A 5.0040(3) 4.9488(1) 
Refined cell parameter c (A) 25.5301(2) 25.2895(6) 
Bat (x, y, z) 0.000000 0.000000 
Bat (x, ) 0.000000 0.000000 
Bat (z) 0.1816(2) 0.1939(4) 
Hf / Zr (x, ) 0.000000 0.000000 
Hf / Zr (z) 0.4023(l) 0.4037(4) 
SI (x 0.000000 0.000000 
SI () 0.500000 0.500000 
Si (z) 0.4047(3) 0.4094(1) 
S2 (x, ) 0.00000 0.000000 
S2 (z 0.3024(5) 0.2934(3) 
S3 (x, 0.00000 0.000000 
S3 (Z) 0.50000 0.500000 
U10 (Ba, 0.0232(1) 0.0177(3) 
U; S0 (Ba) 0.0189(2) 0.0235(1) 
U, 0H /Zr 0.0276(1) 0.0341(2) 
U150 (S, ) 0.0355(1) 0.0422(1) 
U, SO (S2) 0.0341(2) 0.0318(1) 
U; SO Sj 0.0011(2) 0.0131(2) 
R 0.0276 0.0602 
6.660 6.504 
Full Rietveld profile refinements were carried out on Ba3Zr2S7 and Ba3Hf2S7 and 
initial stages of refinement included profile parameters such as background, scale 
factor and cell parameters. Atomic positions were then refined together with 
temperature factors and peak shape parameters. The refinement profile obtained for 
the Ba3Hf2S7 material is shown in Figure 4.3.4. 
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Figure 4.3.4. Refinement profile for Ba3Hf2S7 (upper solid line represents observed 
data and the upper crossed line the calculated pattern, the lower solid 
line represents the fit) 
4.3.3.2. Structural and bond valence data 
Table 4.3.3. Derived bond lengths for Ba3Zr2S7 and Ba3Hf2S7 materials (Ä) 
(e. s. d. 's are given in parenthesis) 
Compound Ba3Zr2S7 Ba3Hf2S7 
Bond length Bal-SI 3.492(6) 3.373(2) 
Bond length Bal - S3 3.5384(2) 3.4994(8) 
Bond length Bat - SI 3.343(6) 3.598(3) 
Bond length Ba2 - S2 2.970 15) 2.520(6) 
3.5721(2) 3.514(6) 
Bond length Zr /H f- SI 2.5026(2) 2.478(2) 
Bond length Zr /H f- S2 2.654 15) 2.790(6) 
Bond length Zr /H f- S3 2.489(4) 2.435(1) 
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Table 4.3.4. Derived bond angles for the Ba3Zr2S7 and Ba31lf2S7 materials (A) 
Compound stoichiometry (x) 
S -M- S Ba3Zr, S7 Ba3HfS7 
Angles (") e. s. d. 's are given in parenthesis 
91.53(19) 94.41(9) 
60.88(11) 62.50(5) 
SI Ba I SI 88.47(19) 8.62(9) 
119.12(11) 117.50(5) 
179.96(10) 180.00(0) 
SI- Bat SI 96.9 3(24) 94.26(4) 
63.91(13) 63.52(3) 
Sl - Bat - S2 131.54(12) 130.16(1) 
SI - Zr l SI 177.60(4) 173.40(1) 
89.974(8) 89.81(9) 
St -Zrl S2 91 21(19) 93.30(8) 
sl - Zrl S3 88.79(19) 86.70(8) 
S2 - Z. rl S3 180.00(10) 180.00(0) 
Table 4.3.5. Bond valence data for ßa3Zr2S7 and Ba; I lf1S7 materials 
Compound Metal ion Bond valence value 
Ba-, /i-, S- Ba 2' 2.2(1) 
7. r 4* 4.3(I) 
Ba; Hf, S7 Ba 2 ?? (I ) 
lr 4.2(l) 
Figure 4.3.5. Space tilling diagram of the tetragonal 14/ramm structure of Ba3Zr2S7 
and Ba 3l lf2S7 materials (large light shaded spheres represent sulfur and 
smaller dark shaded spheres represent (Hf41/ Zr4 f) cation sites. 
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4.3.3.3. UV/Visible absorption data 
The (n = 2) Ruddlesden-Popper type sulfide materials Ba3Zr2S7 and Ba3Hf2S7 were 
analysed by UVNis absorption spectrometry and obtained spectra were compared. 
The materials were both dark in appearance, with the zirconium material having a 
dark grey colouration and the hafnium material appearing generally similar, but 
having a slightly brown colouration. The materials Ba3Zr2S7 and Ba3Hf2S7 had % at 
800nm with absorbance values around 40% and 34% (RA) respectively, with both 
materials showing significantly more absorption towards the blue end of the 
spectrum. Collected UV/Vis absorption data for Ba3Zr2S7 and Ba3Hf2S7 materials are 
shown in figure 4.3.6 and 4.3.7 with a summary of results shown in table 4.3.6. 
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Figure 4.3.6. UV/Vis absorption spectra obtained for Ba3Zr2S7 
750 000.0 
114 
51. 
50 
48 
45 
44 ' 
--1- r 
42 
4 
3 
%RA 
38 
34 
32 
3 
28 
26 
240 
400.0 450 500 550 600 650 700 750 800.0 
nm 
Figure 4.3.7. UV/Vis absorption spectra obtained for Ba3Hf2S7 
Table 4.3.6. Summary of UV/Vis absorption data for Ba3Zr2S7 and Ba3Hf2S7 
samples. 
Compound Xmax (nm) % RA 
(relative absorbance) 
a,, ;,, (nm) % RA 
(relative absorbance) 
Ba3Zr2S7 800 38.40 445 24.00 
Ba1Hf2S7 800 51.80 448 26.30 
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4.3.3.4. SEM data 
SEM data were collected from powdered Ba; Zr-2S7 and Ba31lf2S7 samples mounted on 
lOmm diameter adhesive backed mounting stubs and images were produced using a 
Cambridge Instruments Stereo-scan 360 machine. image scales are 100µm and SEM 
data obtained for Ba3Zr2S7 and Ba3I If-2S7 are shown in Figure 4.3.8. 
Ba3Hf2S7 
Figure 4.3.8. SEM images obtained for Ba3Zr2S7 and Ba3lHf2S7 materials 
The square shaped particles, similar to those observed in the Ba3Zr2S7 material can be 
seen in the magnified SEM image of the Ba3Hf2S7 sample also, the characteristic 30- 
50µm tetragonal particle agglomerations, which were seen in the zirconium sample 
were also present in the hafnium sample. This data supports the fact that the Ba3Hf-, S7 
material adopts an analogous tetragonal structure to the BaýZr2S7 compound. 
The B-site doping of the (n = 2) Ba; Zr-, S7 and Baal lffS7 materials was attempted with 
indium (III) due to the similarity in ionic radii, between the tetravalent and trivalent 
ion species: (Zr4 = 0.79A. Hf 4' = 0.78A and Ina, = 0.81A). The doped target 
materials were Ba3Zr2_, InyS7_y/2 and Ba3Hf-, _,, 
In, S7_xi2 (where x=0.1). Syntheses were 
attempted at a range of temperatures up to the destruction point of the silica reaction 
vessels. The maximum temperature synthesis conditions were 1150°C / 24h and the 
XRD data collected for the samples reacted under these conditions are shown in 
figures 3.33 and 3.34 respectively. 
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Figure 4.3.9. Powder X-ray diffraction pattern obtained for Ba3Zr2_,, In,, S7_, j2 sample 
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Figure 4.3.10. Powder X-ray diffraction pattern obtained for Ba3Hf2.,, In,, S7., d2 sample 
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The data show that the indium doped sulfide target phases Ba3Zr2, In,, S7_, j2 and 
Ba3Hf2_, In,, S7_, j2 could not be formed under any of the conditions attempted and all 
sample materials analysed showed the presence of unreacted indium sulfide in the 
collected diffraction data. 
4.3.4. Conclusions 
The materials in the Ba3M2S7 (where M= Ti, Ta, Hf, W, Zr) series, which were 
synthesised successfully were the zirconium (Ba3Zr2S7) and hafnium (Ba3Hf2S7) 
analogues. The other target materials attempted were unsuccessful and results showed 
that the titanium, tantalum and tungsten materials did not form single phase Ba3M2S7 
type products under all reaction conditions attempted. The zirconium and hafnium 
phases were refined and both materials were found to adopt the (n = 2) Ruddlesden- 
Popper type structure and crystallised with the tetragonal space group 14/mmm. The 
refined cell parameters for the Ba3Zr2S7 and Ba3Hf2S7 materials were: a=5.00A, c= 
25.53A and a=4.95A, c= 25.29A respectively. The unit cell parameters showed 
contraction in the hafnium compound versus the zirconium, which is logical due to 
the slightly smaller ionic radii of hafnium (Hf 4+ = 0.78A) relative to zirconium (Zr4+ 
= 0.79A). The structural refinements for the Ba3Zr2S7 and Ba3Hf2S7 materials were 
well fitted, with Rwp values of 0.0276 and 0.0602 respectively and values of 6.66 
and 6.50 respectively. The Ba3Zr2S7 and Ba3Hf2S7 compounds had stable structures 
confirmed by bond valence calculations, with all cations having valences close to 
their theoretical ideal values (Ba2+ = 2.0 ±0.2, Hf 4+/Zr4+ = 4.0 ±0.3). Both materials 
had a similar appearance with the zirconium compound having a dark grey 
colouration, while the hafnium material appeared a slightly lighter grey-brown colour, 
this colour difference was shown quantitatively in the UV/vis data collected for the 
materials, with the Ba3Zr2S7 material having ý,,,, at 800nm with absorbance values = 
38.40% RA) and the Ba3Hf2S7 material having a maximum absorbance = 51.80% RA. 
The SEM data clearly showed square shaped tetragonal particles in both Ba3Zr2S7 and 
Ba3Hf2S7 samples, which gives further support to the fact that the Ba3Zr2S7 and 
Ba3Hf2S7 materials adopt the same tetragonal 14/mmm structure. The materials 
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Ba3Zr2S7 and Ba3Hf2S7 were subsequently doped on the B-site with a trivalent cation 
in an attempt to create anion non-stoichiometry within the systems. It was decided to 
use indium (III) for the dopant in both systems, due to the similarity in ionic radii 
between the tetravalent and trivalent ions: (Zr4+ = 0.79A, Hf 4+ = 0.78A and In3+ = 
0.81tß). The synthesis of the doped target materials Ba3Zr2_XIn,, S7_, J2 and Ba3Hf2_ 
XIn,, S7_, n (where x=0.1) were attempted repeatedly at a range of temperatures up to 
the destruction point of the silica reaction vessels. The collected data for these 
materials showed that the doped phases Ba3Zr2_,, In,, S7., j2 and Ba3Hf2_,, In,, S7_, j2 could 
not be formed under any of the conditions attempted, with all sample materials 
analysed containing an unreacted indium sulfide phase in the diffraction data. 
The (n = 2) Ba3Hf2S7 phase could not be fully isolated pure, so it would not be 
possible to collect accurate conductivity data for this material, however, the layer 
structure of the Ba3Zr2S7 material made it interesting for investigation into possible 
conduction properties. There have been Ruddlesden-Popper type oxide materials, 
with analogous structures, which have been found to show ionic conductivity in the 
undoped form. " The Ba3Zr2S7 material was therefore taken forward for conductivity 
testing and assessment for possible application as a high temperature sulfide-ion 
conductor. 
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CHAPTER 5 
Preparation and characterisation of A2B2S5 type 
sulfide systems 
5. Preparation of the complex sulfide analogue material Ba1In2S$ 
5.1. Introduction 
It was reported in 1990 by Goodenough et al, ' that the compound Ba2In2O5 displayed 
fast oxide-ion conduction above 925°C. Since then oxide materials of the form 
A2B205, have been investigated as possible fast oxide-ion conductors for use in 
oxygen sensors, solid oxide fuel cells and other electrochemical devices. '3 These 
types of oxide compounds have been synthesised with the aim of developing fast 
oxygen-ion conducting materials, superior to commercially available yttria-stabilised 
zirconia (YSZ). Fast ion conducting ceramics of this type are used in a variety of 
electrochemical devices such as solid oxide fuel cells and gas sensors. 4' 5 There has 
been considerable work produced on the Ba2In2O5 structure, properties, investigations 
into the compounds reaction with water at 300°C, 6 and the compounds uses as both a 
proton and oxide-ion conductor. 7 The work by Speakman et al, 8 describes the results 
of in-situ neutron and X-ray diffraction experiments, used to determine the crystal 
structure of Ba2In2O5 as a function of temperature. The ambient temperature structure 
of Ba2In205 was found to adopt a Brownmillerite type orthorhombic Icmm symmetry, 
with lattice parameters a=6.086A, b= 16.790A and c=5.969A. This structure was 
stable up to a temperature of 900°C, at which point oxygen vacancies began to 
disorder. The oxygen vacancy order-disorder transition is associated with a structural 
transition to a fast oxide-ion conducting state. At 1040°C, Ba2In205 becomes a cubic 
oxygen-deficient perovskite, with the Pm3m space group and lattice parameter 
4.274A. There have been attempts made to stabilise the high temperature cubic defect 
perovskite phase of Ba2In205 at lower temperatures by doping the compound on the 
indium site with other trivalent cations, such as gallium, to give compounds of the 
form Ba2In2_XM,, O5 where M is the added cation dopant. 9,10 Research has also shown 
that doping the indium site in the Ba2In2O5 compound with trivalent cations of 
various radii, altered the order-disorder transition temperature relative to the parent 
compound. Doping with ions larger than the host In3+ ion, such as Y3+ and Yb3+ was 
found to cause an increase in the transition temperature, while doping with smaller 
ions like Sc 3+ and Ga3+ was found to decrease the transition temperature of the 
material. 11 The oxide compound Ba2In205i has been shown to be a good oxide-ion 
conductor and the indium sites in the structure have also been successfully doped 
with zirconium in an attempt to increase the level of ionic conduction further. Recent 
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work by Berastegui et a1,12 describes the results of electron microscopy, high- 
temperature powder neutron diffraction, and impedance spectroscopy studies of 
Ba2In2O5 and the zirconium doped analogue. The ambient temperature structure of 
Ba2In2O5 was found to adopt Icmm symmetry, with disorder of the tetrahedrally 
coordinated In3+ ions. It was reported that Ba21n2O5 undergoes an approximate six- 
fold increase in its ionic conductivity over the temperature range from 900-950°C, 
in broad agreement with previous studies. This transition corresponds to the change 
from the orthorhombic Icmm structure, to a cubic Pm3m perovskite arrangement with 
disordered anions. Electron microscopy investigations showed the presence of 
extended defects in all the crystals analysed. It was also reported by Berastegui, 12 that 
introducing a higher valency cation such as Zr4+ into the Ba2In2O5 structure, induces 
anionic disorder which causes a transformation to the cubic defect perovskite 
structure as adopted by the high-temperature phase of Ba2In205. The increase in 
zirconium content in the structure was also accompanied by a decrease in unit cell 
volume, attributed to the radius ratio for the In3+ and Zr4+ ions, also in agreement with 
previous work. ' 1 The aim of this work was to prepare and characterise an A2B2S5 
sulfide material, which was analogous to the oxide material Ba21n2O5 and to then 
potentially dope the indium site in the compound with zirconium, which would act to 
create excess sulfur and give a non-stoichiometric sulfide material. It was previously 
reported that introducing a tetravalent cation dopant such as Zr4+ into the Ba2In2O5 
oxide structure, induced anionic disorder which caused a transformation from the 
ambient temperature orthorhombic structure, to the defect perovskite structure as 
observed in the high-temperature phase of Ba21n2O5.8 The choice of four-valent cation 
was made primarily on consideration of ionic radii (In3+ = 0.81tß), to assist the 
inclusion of the dopant ion onto the indium site in the lattice, the ions considered 
were Sn4+(0.71A), Zr4+(0.79tß) and Pb4+(0.84A). Due to the combination of the 
closest ratio of ionic radii to the In3+ ion and the previous successful inclusion of 
zirconium onto the indium site in the oxide system, 12 Zr4+ was chosen as the selected 
dopant in this case. The tetravalent zirconium ions could be accommodated onto the 
indium sites within the Ba2In2S5 lattice and would lead to a charge balancing excess 
on the sulfur site, which could provide free sulfur within the system and potentially 
lead to an increase in anionic mobility. The sulfide analogue material Ba2In2S5 was 
prepared and the material was doped with 20mol% ZrS2, the structure and properties 
of the compounds were then investigated. 
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5.2. Experimental 
The compound Ba2In2S5 was prepared by combining BaS and In2S3 in a 2: 1 molar 
ratio and grinding thoroughly in a pestle and mortar. The zirconium doped compound 
Ba2In2, ZrXS5 (where x=0.2) was prepared by the stoichiometric combination of BaS, 
In2S3 and ZrS2 in the correct molar quantities, followed by thorough grinding of the 
reaction mixture. All grinding of sulfide starting materials was performed in an argon 
atmosphere glove box, to avoid oxidation. Once the sulfide compounds were 
prepared, they were transferred into silica tubes, which were then evacuated with a 
rotary pump and vacuum line and weld-sealed with an oxygen/methane blowtorch. 
After sample tubes had been prepared and sealed, they were placed into a protective 
Inconel alloy work tube within the tube furnace. The reaction vessels were heated to 
1000°C at a rate of 2°C /min and allowed to dwell at 1000°C for 36 hours. After this 
time, the furnace was cooled to room temperature and the samples were removed. 
Samples were transferred to Perspex or aluminium XRD mounting discs and sealed 
with Mylar film, to minimise atmospheric oxidation. Initial phase determination was 
assigned based on PXD data collected on 90 minute scans over the 2-theta range 25- 
90°. Rietveld structural analysis was performed, using powder XRD data collected in 
the range 25 - 110° over a period of 15 hours. Monochromatic Cu (Ka l) radiation 
was employed with a step size of 0.014°. Rietveld Structural refinements were 
performed using the GSAS refinement program. 13 Initial assessment of the structure 
of the prepared phases were based on comparison to the JCPDS database14 and an 
appropriate structural model was selected. After initial profile fitting, final stages of 
refinement included all atomic coordinates, lattice parameters and isotropic 
temperature factors for all atoms. TPO (temperature programmed oxidation) data 
were collected and used as a guide to the oxygen stability of the prepared materials. 
SEM data were collected from powder samples mounted on 10mm diameter adhesive 
backed mounting studs, using a Cambridge Instruments Stereo-scan 360 machine and 
images were produced of various magnifications with scales of typically 50µm. 
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5.3. Results 
Powder X-ray diffraction data for the sulfide materials Ba2In2S5 and Ba2In2_,, Zr. S5 
were collected and initial phase assessments were made by comparison to the JCPDS 
powder diffraction database. Indexed patterns from the database are shown overlayed 
on the collected diffraction patterns for Ba21n2S5 shown in Figure 5.1 and Ba2In2. 
,, ZrXS5 shown in Figure 5.2, both materials crystallised in the orthorhombic structure 
with space group Pbca. 
Ba2In2S5 
p 
5 
8 
5 
Figure 5.1. Powder X-ray diffraction pattern obtained for the compound Ba2In2S5 
referenced to JCPDS file for orthorhombic barium indium sulfide 
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Doped Ba2In2S5 (Ba2In(2-x)Zr(x)S5) 
Figure 5.2. Powder diffraction pattern obtained for the compound Ba2In2_,, Zr,, S5 
5.3.1. Structure refinement 
The collected diffraction data for both compounds showed that the materials 
crystallised with an orthorhombic Pbca unit cell, syntheses were repeated at various 
temperatures with the same results. Both compounds were refined in the space group 
Pbca, using the Eisenmann and Hofmann' 5 structural model obtained from the JCPDS 
database reference. Rietveld structure refinement was performed using the GSAS 
software, 13 lattice parameters from the orthorhombic structural model obtained from 
the literature 15 were used for initial profile fitting and additional parameters such as 
atomic coordinates and isotropic temperature factors for all atoms were gradually 
introduced until a good fit was achieved. The Mylar film used to cover samples 
during the X-ray diffraction process produced an additional contribution to the 
background of the XRD pattern, which was refined using the absorption function, 
during structure refinement. The Rietveld refinement profile for the Ba2In2S5 material 
is shown in Figure 5.3 with refined structural data summarised in table 5.1. 
125 
25 2D £w 40 70 a] f0 1a1 
2-Theta - Scale 
doped Ba2ln2S5(B4) - File* Sa2ln(2-)OZr(0S5, RAW - Type: PSD fad-scan - Start 25 000'- End: 109 932'- Step: 0.014 "" Step Yma. 91a- Temp.: 25 IC (Roo 
079.1958 (C) - Banum Indium Sulfids - Sa2pn2S5) - Y: 12726 %- dx by. 1. - WL 1.5406 - Crthomomba- We PDF 37- 
Ba2ln2S5 
Lombdo 
0 
ýý S 
0 
xOý 
O 
r'7 
O 
N 
0 
0 
C 
0 
0 
Ll! 
_L 1 
Figure 5.3. Refinement profile for Ba2In2S5 (upper solid line represents observed 
data and the upper crossed line the calculated pattern, the lower solid 
line represents the fit) 
Table 5.1. Refined structural parameters for sulfide analogue material Ba2In2S5 
(e. s. d. 's are given in parenthesis) 
Parameter Ba2In, S1 
Crystal system Orthorhombic 
Space group Pbca 
Refined cell parameter a) 13.1643(3) 
Refined cell parameter b) 12.7251(3) 
Refined cell parameter c 11.7805(3) 
Formula weight (unit cell) 5317.121 
Volume A unit cell) 1973.434 
Density cm (calculated) 4.474 
R 0.0198 
4.673 
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Table 5.2. Refined atomic position data for Ba2In2S5 
(e. s. d. 's are given in parenthesis) 
Atom x y r Uk 
Ba I 0.69303(20) 0.02690(18) 0.49413(26) 0.0090) 
Bat 0.80764(20) 0.24561(20) 0.24942(31) 0.004(1) 
Inl 0.47396(18) 0.96485(22) 0.22566(23) 0.003(2) 
In2 0.04816(24) 0.19836(22) 0.44104(23) 0.005(1) 
si 0.2215(6) 0.2810(7) 0.0014(12) 0.007(1) 
S2 0.4751(8) 0.3758(8) 0.0956(8) 0.002(1) 
S3 0.9310(8) 0.1135(8) 0.5702(9) 0.001(1) 
S4 0.7054(9) 0.0149(8) 0.7616(10) 0.017(3) 
S5 0.0-45 3(8) 0.1430(7) 0.2451(10) 0.012(2) 
5.3.2. SEM data 
SEM data were collected from powder samples mounted on I Omm diameter adhesive 
backed mounting studs, using a Cambridge Instruments Stereo-scan 360 machine and 
images were produced of various magnifications. SEM data for the compounds 
Ba2In2S5 and Ba-21n2_, Zr, S5 are shown in Figures 5.5 and 5.6 respectively. The left 
images (a) show the full SEM image obtained together with scale (µm), the right hand 
images (b) show a magnified region of the compound particles with scales shown. 
Figure 5.5a. and 5.5b. SEM images of Ba-, In2S; scales shomi in µm 
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Figure 5.6a. and 5.6b. SEM images ol'Ba, ln2_, Zr, S; scales shown in µm 
Collected SEM data showed that the undoped Ba2In2S; sample had particle sizes in 
the range 5-20µm, with the slightly rounded nature of the particles visible in the main 
SEM image. The small average particle size of the compound (<10µm) would be 
beneficial in practical applications of the material such as pellet formation for 
conductivity measurements. The particles ofthe doped Ba2In2_, Zr, S; material were of 
similar shape and general appearance to those of Ba2In-2S;, with the majority of the 
particles being in the size range <20µm. The similarity in particle shape and size 
between the two materials can be seen by comparison of the magnified images. 
5.3.3. Structural and bond valence data 
Table 5.4. Derived bond lengths for Ba2In2S; (e. s. d. 's given in parenthesis) 
Bond Bond length Bond Bond length 
BaI SI 3.326(2) Bat- S1 3.183(2) 
Ba! SI 3.255(I) Bat - SI 3.179(2) 
Ba l S2 3.346(1) ßa2 - S2 3.307(l) 
Bal -S2 3.116(1) Bat- S3 3211(1) 
Ba l -S3 3.439(2) Bat - S4 3.334(2) 
Ba l -S4 3.158(2) Bat - S4 3.323(l) 
Ba l S4 3.095(2) Bat - S5 3.391(1) 
Ba l - S5 3.729(2) Bat - S5 3.692(l) 
Inl -S2 2.484(I) In? - St 2.405(I) 
11 11 - S3 2.432(I) In2 - S2 2.492(l) 
1n1 - S4 2.379(2) In? - S3 2.4211(I) 
In i- -S5 2.478(I) In? S5 2.414(2) 
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Bond valence calculations involving the method described in chapter 2, using 
standard tabulated Ro and B values, '- gave results for Ba-2In2S5, which were in good 
agreement with standard values (±0.2) for all cations involved and bond valence data 
are summarised in table 5.6. 
Table 5.6. Bond valence data (or Ba2In-, S; and Ba2In2_, Zr, S; 
(e. s. d. 's are given in parenthesis) 
Compound Metal ion Bond valence value 
Ba, In, S; Ba ?. 1(1) 
In 3.1(1) 
Bond valence calculations for the sulfide analogue material Ba2In2; showed that the 
material was structurally stable, with all cations having valences close to their 
theoretical ideal values (ßaß' = 2.0 X0.1 and In 3+ = 3.0 A. I). The orthorhombic unit 
cells of the oxide material Ba-, 1n205 with space group Icmm and the sulfide material 
Ba2In2S5 with space group Pbca shown for comparison in Figures 5.7 and 5.8. 
Figure 5.7. Diagram of the orthorhombic Icmm unit cell structure of the oxide 
compound Ba-2In2O; (large dark shaded spheres represent barium. 
small dark shaded spheres represent indium and large light shaded 
spheres represent oxygen) 
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Figure 5.8. Diagram of the orthorhombic Phca unit cell structure of the sulfide 
compound Ba-jn2S; (large dark shaded spheres represent barium. 
small dark shaded spheres represent indium and large light shaded 
spheres represent sulfur) 
5.3.4. TPO data 
An oxidation profile was collected for the sulfide analogue material Ba2In2S; and the 
data was used as a guide to the oxidative stability of the material. The oxidation 
experiment involved a heating rate of 15K/min, with sample mass of 12mg. 
Temperature programmed oxidation data were collected for Ba2In2Ss prepared at 
1000°C / 36h. The oxidation profile obtained for Ba2In2S5 is shown in Figure 5.9. 
TPO of Ba2In2S5, H. R=15K/min, mass=12.5mg 
6.00E-09 
5.00E-09 
4.00E-09 
3.00E-09 
N 
cq 2.00E-09 O 
N 1.00E-09 
0.00E+00 
0 200 400 600 800 1000 1200 1400 
Temperature (oC) 
Figure 5.9. TPO profile for the compound Ba21n2 S5. heating rate = 15K/min 
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5.4. Discussion 
It was observed from powder X-ray diffraction data for the prepared sulfide material 
Ba2In2Ss, that the compound did not crystallise with the same ambient temperature, 
orthorhombic Icmm structure as the oxide material Ba2In2O5 and did not form an 
isostructural phase. Various preparation methods were attempted with different 
reaction conditions and it was found that synthesis temperatures above 1050°C caused 
melting of reactants, leading to destruction of the reaction vessel. While syntheses 
performed below 1000°C or involving reaction times of less than 24 hours produced 
products containing significant quantities of unreacted starting materials. 
The prepared compound Ba2In2S5 was light salmon pink in colour and was 
characterised with the orthorhombic space group Pbca, with corresponding unit cell 
parameters a= 13.164A, b= 12.725A and c= 11.781 A. Refined atomic positions for 
the Ba2In2S5 compound prepared at 1000°C / 36hours, are summarised in table 5.2. 
The powder sample of the sulfide compound Ba2In2S5 was analysed by SEM 
techniques and it was found that after post reaction grinding, the material had 
particles in the size range 5-20µm, the majority of which were <10gm in size. The 
small, rounded nature of the particles was visible in the SEM image for Ba2In2S5 
(Figure 5.7). The small particle size of the compound (<10gm), would be beneficial 
in practical applications of the material, such as pellet formation / densification. The 
particle size of the material could be further reduced by extended ball milling of the 
sample after manual grinding. There were no crystalline impurity phases detected in 
the XRD pattern for the compound and bond valence calculations showed that the 
system was structurally stable, with all cations having valences in good agreement 
with their theoretical values (Ba2+ = 2.00 ±0.1, In3+ = 3.00 ±0.1). The Rietveld 
refinement for the compound Ba2In2S5 was well fitted, with Rwp values all less than 
0.02 and of less than 4.7. The TPO profile for Ba2In2S5 showed that the compound 
has excellent oxygen stability, displaying no significant oxidation until a temperature 
of 975°C, at which point one sharp, distinct oxidation peak was observed, with a peak 
temperature of 985°C, corresponding to the rapid oxidation of the sulfide phase. A 
high degree of oxidation stability is an important factor in the potential use of 
compounds as high temperature sulfide-ion conductors, as the standard application of 
such materials is generally performed at elevated temperatures (>300°C). It was 
reported by Fisher et al, 7 that the Brownmillerite type structure of the oxide 
compound Ba2In2O5 is a derivative of the perovskite structure, ABO3i in which the 
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tetravalent B cations in a 2: 4 perovskite have been completely substituted by cations 
one less in valency. To maintain charge balance, one-sixth of the anions are removed 
2 and the structure responds to the high concentration of vacancies by ordering them 
in parallel rows, resulting in an alternating sequence of octahedral and tetrahedral 
layers. It is the high temperature, restructuring of this disordered phase, which gives 
rise to the reported structural transition at 925°C. 1 The Pbca type structure of the 
sulfide compound Ba2In2S5 does not contain analogous layered anion vacancies and 
so would not allow an exact isostructural phase transition as observed in the oxide 
compound. However, there are materials with the Pbca type structure, which allow 
high temperature phase transitions such as the oxide material KA1O2, this material 
was found to undergo a structural transition at 530°C from an ambient temperature 
orthorhombic Pbca structure to a high temperature cubic form. 18 
5.5. Conclusions 
The prepared sulfide material Ba2In2S5 was found to crystallise with an orthorhombic 
Pbca structure with refined data summarised in table 5.1. This contrasted to the 
Brownmillerite type, Icmm structure of the oxide compound Ba2In2O5. ' Synthesis 
methods for the Ba2In2S5 compound were repeated with different reaction conditions 
and it was found that synthesis temperatures above 1050°C caused reactants to melt, 
while syntheses performed below 1000°C or involving reaction times of less than 24 
hours produced products containing significant quantities of unreacted starting 
materials. The compound crystallised with a stable structure as confirmed by bond 
valence calculations, with all cations having valences in good agreement with 
expected values (table 5.6). It was subsequently determined that the zirconium doping 
of the sulfide analogue material Ba2In2S5 in order to create sulfur excess was 
unsuccessful and the results showed that the zirconium had not doped into the 
structure but existed as a low level impurity, which was visible upon closer inspection 
of high quality powder diffraction data obtained from the doped material. 
While the compounds Ba2In2O5 and Ba2In2S5 do share some characteristics, such as 
In3+ tetrahedra and an orthorhombic unit cell, the sulfide compound Ba2In2S5, which 
crystallises with the Pbca unit cell, is not isostructural with the Brownmillerite type, 
Icmm oxide compound Ba2In2O5. Oxide-ion conductivity within the Ba2In2O5 system 
has a close relation with the ordering of oxygen vacancies in the crystal lattice. l It is 
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the alternating layers of octahedra and distorted tetrahedra present in the ambient 
temperature, Icmm structure of Ba2In2O5, which leads to trapped oxide vacancies 
between the layers, and it is the reorganisation of these vacancies, which is primarily 
responsible for the structural transition to the cubic perovskite phase observed at 
925°C. 8,9 Sulfide compounds of the form A2B2S5 with the orthorhombic Pbca 
structure, such as Ba2In2S5 and other members including Sr2Ga2S5 15 and Pb2Ga2S5,16 
do not contain layered anion vacancies so their ability to undergo an isostructural 
phase transition as observed in the Ba2In205 oxide system, 8,12 would be limited. 
However, as discussed previously, materials, which adopt the orthorhombic Pbca type 
structure at ambient temperature, such as the oxide material KA1O2, have been shown 
to undergo structural transitions at above 500°C from the ambient temperature 
orthorhombic Pbca structure to high temperature cubic forms. 18 The Ba2In2S5 sulfide 
material was therefore taken forward for conductivity testing and assessment for 
possible application as high temperature sulfide-ion conductors. 
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CHAPTER 6 
Preparation and characterisation of doped 
NaLnl_XMXS2_x/2 and LiLnl_XMXS2_x/2 type sulfide 
systems (where Ln = La, Nd, Sm, Gd, Ga, In) 
(M = Cu, Co, Ni) and(x=0- 0.2) 
6. Preparation and characterisation of doped NaLnS2 and LiLnS2 
sulfide systems 
6.1. NaLnl_, rMXSz_X, 2 and LiLn1_,, MxS _, t/2 
(where Ln = La, Nd, Sm, Gd, Ga) (M = 
Cu, Co, Ni) and (x =0-0.2) 
6.1.1. Introduction 
There has been significant work produced on the ionic mobility of doped oxide 
systems with the cubic Fm-3m, defect fluorite type lattice structure and cubic 
structured oxide compounds, which contain anion vacancies can typically display 
ionic conductivities in the range 0.01 Scm"1 to 0.5 Scm''. 1 The most common 
examples of oxide-ion conducting materials with the fluorite structure are the well- 
known stabilised zirconias YSZ and CSZ, 2-4 with the formula M,, Zrl_XO2_x (x = 0-0.2), 
which are commonly used in the production of solid oxide fuel cells. Other defect 
fluorite type oxide-ion conducting phases include doped ceria, Ce02-Ln2O3 (where 
Ln = Y, La, Sm, Gd) 5"7 and the doped bismuth materials of the form Bi203-xLn2O3 
(where Ln = Y, La, Gd, Sm, Dy) 8.10 The majority of complex sulfide materials, 
which have the form MLnS2 (where M= Na and Li) all crystallise with high 
symmetry cubic structures with space group Fm-3m. 11,12,13 The aim of this work was 
to prepare a series of high symmetry, cubic structured sulfides of the form NaLnS2 
and LiLnS2 and to dope the materials on the trivalent Ln site, with divalent first row 
transition metal cations, in order to create non-stoichiometry and associated sulfide 
vacancies, producing two series of doped compounds of the form NaLnl_,, MXS2_iJ2 and 
LiLnl_XMXS2_, 2 (where Ln = Nd, Sm, Gd, La, Bi), (M = Cu, Co, Ni) and (x =0-0.2). 
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6.1.2. Experimental 
The NaLni. XMxS2_, j2 and LiLn1. XMXS2_2 materials were prepared 
by the direct 
combination of Na2S, Ln2S3 (where Ln = Nd, Sm, Gd, Ga, In, La) and various 
amounts of MS dopants (where M= Cu, Co, Ni) in the correct molar proportions, to 
produce a series of doped sulfide compounds each with incrementally increasing 
dopant quantities, the level of which was individually assessed and applied based on 
the phase analysis for each compound. The prepared reaction mixtures were finely 
ground with pestle and mortar, under argon in the glove box and were then 
transferred into silica tubes, which were evacuated on a high vacuum line and weld- 
sealed. Reaction vessels for all materials in the NaLn1. XMXS2_, j2 and LiLni. XMXS2_, d2 
series were then heated to 1000°C at a rate of 1°C /min and the furnace was allowed 
to dwell for a period of 24 hours. The initial phase determinations were obtained from 
XRD data in the range 25 - 65 ° collected over a period of 1 hour. Refinement quality 
XRD data were collected across the range 25 - 110° over a period of 15 hours. 
Monochromatic Cu (Kal) radiation was used and scans were run with a step size of 
0.014°. SEM data were collected for successfully produced (Na/Li)Lnl_XMXS2_, j2 
materials, powdered samples were mounted onto 10mm diameter mounting stubs and 
data were collected using a Cambridge Instruments Stereo-scan 360 machine, 
producing a range of images with typical scales of 20µm. UV/Vis spectra were 
collected for each of the doped materials and used to investigate and compare 
changes in colour and visible range absorption spectra due to the presence / quantity 
of the various divalent cation dopants. Colour measurements and visible absorption 
data were collected for sulfide samples using a Perkin-Elmer Lambda 35 UV/Vis 
spectrometer, with a titanium dioxide blank standard. Absorption data were collected 
across range 400-800nm, with data intervals of 1nm and a scan speed of 240nm/min. 
Data were plotted as wavelength vs percentage relative absorption and analysed using 
the UV Winlab software. 
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6.1.3. Results and Discussion 
6.1.3.1. XRD Data 
The XRD data collected for the NaLni. XMXS2., j2 and LiLn1. XMXS2_iJ2 sulfide materials 
showed a range of results. Compounds, which were successfully synthesised, 
included the NaLal. XNiXS2., d2 (x =0-0.15) which crystallised with the cubic space 
group Fm-3m with approximate cubic cell parameter: a=5.88A, and the hexagonal 
NaGdi. XNiXS2., j2 (x =0-0.15), which crystallised with the space group R-3mH and 
approximate cell parameters: a=4.02Ä, c= 19.96A and a= 90°, ß= 900, y= 120°. 
The X-ray diffraction data collected for the NaLal.,, NiXS2.2 materials are shown with 
increasing nickel content in figures 6.1,6.2 and 6.3. 
NaLaS2-Ni(1) 
p 
a 
3 
Figure 6.1. Powder XRD pattern obtained for NaLai. XNiXS2_, j2 (where x=0.10) 
sample material with data referenced to the relevant JCPDS file14 
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Figure 6.2. Powder XRD pattern obtained for NaLal_,, Ni,, S2., j2 (where x=0.15) 
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Figure 6.3. Powder XRD pattern obtained for NaLai. XNiXS2_iJ2 (where x=0.20) 
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The XRD data in figure 6.3 show that in the diffraction pattern for this sample a 
nickel / nickel sulfide impurity was observed and the experiment was repeated with 
the same result, indicating that the effective dopant limit for nickel within the NaLal_ 
,, NiXS2_, 2 system under investigation is (x = 0.15). 
The XRD data collected for the nickel doped NaGdl. XNiXS2_, j2 (x =0-0.15) 
materials, which crystallised with primitive hexagonal space group R-3mH and 
approximate cell parameters: a=4.02Ä, c= 19.96A and a= 90°, ß= 90°, y= 120°, 
showed a similar dopant tolerance range to the nickel doped sodium lanthanum 
compounds. The X-ray diffraction data collected for the NaGd1. XNiXS2., j2 materials 
are shown with increasing nickel content in figures 6.4,6.5 and 6.6. 
NaGdS2-Ni(1) 
Figure 6.4. Powder XRD pattern obtained for NaGdl., NiXS2_, j2 (where x=0.10) 
sample material with data referenced to the relevant JCPDS file14 
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Figure 6.5. Powder XRD pattern obtained for NaGdt.,, NiXS2. x/2 (where x=0.15) 
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140 
a 30 OD m 70 10 90 Im 
amo 50 50 
It can be seen from the XRD data in figure 6.6 that similar to the results for the cubic 
nickel doped sodium lanthanum system, an impurity of Ni/NiS is observed in the 
diffraction pattern for this sample, indicating that the effective dopant limit for nickel 
within the NaGdl_,, NiXS2_, j2 system under investigation is x=0.15. 
Syntheses for the sodium based NaLnl_,, NiXS2_V2 materials (where Ln = Nd, Sm, Ga, 
In) were carried out at 950°C, 1000°C and 1050°C and collected X-ray diffraction 
data are shown in figures 6.7 - 6.10, with a summary of the reaction conditions and 
corresponding results shown in table 6.1. 
NaNdS2-Ni 
5 
Figure 6.7. Powder X-ray diffraction pattern obtained for the NaNd1. XNiXS2_, j2 
sample material with data referenced to relevant JCPDS files 
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Figure 6.8. Powder X-ray diffraction pattern obtained for the NaSmi_XNiXS2_, j2 
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Figure 6.9. Powder X-ray diffraction pattern obtained for the NaGai_XNiXS2_, 2 
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Figure 6.10. Powder X-ray diffraction pattern obtained for the NaInl.,, NiXS2_, j2 
sample material with data referenced to relevant JCPDS files 
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Table 6.1. Summary of reaction conditions and results for NaLnl_,, NiXS2., j2 samples. 
Target Phase Temperature (C) Reaction time (hr) Results o XRD phase analysis 
NaNd, 
_XNiXS2-xn 
950 24 Phases present = NaNdS2, Ni and Ni3S4 
NaNdi_xNiXS2_, l2 1000 24 Phases present = NaNdS2, Ni and Ni3S4 
NaNd1_XNixS2_, j2 1050 24 Phases present = NaNdS2, Ni and Ni3S4 
NaSm, 
_,, 
NixS2_, j2 950 24 Phases present = NaSmS2, Ni3S2 and Ni3S4 
NaSmi_xNiXS2_, j2 1000 24 Phases present = NaSmS2, Ni3S2 and Ni3S4 
NaSm, 
_xNiXS2_, j2 
1050 24 Phases present = NaSmS2, Ni3S2 and Ni3S4 
NaGal_xNixS2_, j2 950 24 Phases present = NaGaS2, Ni2 8S2 and Ni3S2 
NaGa1_XNiXS2., j2 1000 24 Phases present = NaGaS2, Ni2 8S2 and Ni3S2 
NaGai_, NiXS2_, j2 1050 24 Phases present = NaGaS2, Ni2 8S2 and Ni3S2_ 
NaIn1_xNi,, S2_x/2 950 24 Phases present = NaInS2 and NiS 
Naln, 
_xNiXSZ_, 
1000 24 Phases present = NaInS2 and NiS 
Naln, 
_, 
Ni, S, 
_Yn 
1050 24 Phases present = NalnS, and NiS 
The maximum reaction temperature reached in the syntheses without reactant 
compounds melting and destroying the reaction vessels was 1050°C / 24 hours. The 
colour of the products varied from the off-white beige colour of the NaGal_,, Ni,, S2_, 
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z 30 o so 60 
samples to the almost black NaNdl_XNiXS2_, j2 samples. The collected XRD phase 
analysis data for the NaLni_XNiXS2_, j2 materials showed that samples where Ln = Nd, 
Sm, Ga and In, all showed the presence of nickel sulfide in the diffraction patterns for 
these materials. Syntheses were attempted at x=0.05 and 0.1 with the same results, 
indicating that stable doped sulfide phases containing the ions Nd, Sm, Ga and In 
were not achievable under the reaction conditions studied. 
Syntheses for the lithium based LiLnt_XNixS2_xn materials (where Ln = La, Nd, Sm, 
Gd, Ga) were carried out at 950°C, 1000°C and 1050°C and syntheses were attempted 
at x=0.05 and 0.1. Collected X-ray diffraction data are shown in figures 6.11 - 6.15, 
with a summary of reaction conditions and corresponding results shown in table 6.2. 
LiNdS2-Ni 
5 
Figure 6.11. Powder X-ray diffraction pattern obtained for the LiNd1. XNiXS2_, j2 
sample material with data referenced to the relevant JCPDS files'4 
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Figure 6.13. Powder X-ray diffraction pattern obtained for the LiGdi_,, NiXS2_, 
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Figure 6.14. Powder X-ray diffraction pattern obtained for the LiLai_XNiXS2_, j2 
LiGaS2-Ni 
5 
Figure 6.15. Powder X-ray diffraction pattern obtained for the LiGal_, NiXS2_, 
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Table 6.2. Summary of reaction conditions and results for LiLnl_XNiXS2_, J2 samples. 
Target Phase Temperature C Reaction time (hr) Results of XRD phase analysis 
LiNdl, NiXS2., 950 24 Phases present = LiNdS2 and Ni3S2 
LiNdl, NiXS2_xn 1000 24 Phases present = LiNdS2 and Ni3S2 
LiNd, 
_XNiXS2_x/2 
1050 24 Phases present = LiNdS2 and Ni3S2 
LiSm1, NixS2_, /2 950 24 Phases present = LiSmS2 and Ni3S2 
LiSm1_xNixS2_, j2 1000 24 Phases present = LiSmS2 and Ni3S1 
LiSmi_, NiXS2., j2 1050 24 Phases present = LiSmS2 and Ni3S2 
LiGd, 
_,, 
Ni,, S, 
_xr2 
950 24 Phases present = LiGdS2 and Ni3S2 
LiGd,. XNiXS2_, j2 1000 24 Phases present = LiGdS2 and Ni3S2 
LiGdi_XNixS2_, j2 1050 24 Phases present = LiGdS2 and Ni3S2 
LiLa1_,, Ni,, S, 
_x/2 
950 24 Multiple Li/La/Ni sulfide phases 
LiLa, 
_xNixS2., j2 
1000 24 Multiple Li/La/Ni sulfide phases 
LiLai_, NixS,. xn 1050 24 Multiple Li/La/Ni sulfide phases 
LiGai_xNixS2., j2 950 24 Phases present = LiGaS2 and Ni3S2 
LiGa1, NiXS2_, j2 1000 24 Phases present = LiGaS2 and Ni3S2 
LiGa, 
_, 
Ni, S2_,, 2 1050 24 Phases present = LiGaS, and Ni1S, 
The maximum reaction temperature reached in the synthesis of these materials 
without reactants melting and destroying the reaction vessels was 1050°C / 24 hours. 
The colour of the products varied from the light cream colour of the LiGal_XNiXS2_, 2 
samples to the orange LiLai_,, NiXS2_, j2 and dark grey LiNdl_,, NiXS2_, n samples. 
The collected XRD phase analysis data for the LiLni. XNiXS2., n materials showed that 
none of the syntheses attempted, produced a single-phase doped sulfide, with 
impurities and mixed phases appearing in all samples investigated. The results 
indicate that stable doped sulfide phases of the form LiLni_XNiXS2_, j2 are not 
achievable under the reaction conditions studied. 
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6.1.3.2. Structure refinement 
Table 6.3. Refined Atomic Parameters for NaLal_XNi. S2_, (where x=0-0.15) 
(e. s. d. 's are given in parenthesis) 
X= 0.10 0.15 
Crystal system Cubic Cubic 
Space goup Fm-3m Fm-3m 
Refined cell parameter a (A) 5.8785(3) 5.8836(7) 
Na (x, y, z) 0.00000 0.00000 
La, Ni (x, y, z) (shared site) 0.00000 0.00000 
S (x, ,z 0.50000 0.50000 S'- occuanc 0.98(1) 0.96(1) 
Na+ occupancy 0.50000 0.50000 
La+occupancy 0.45(1) 0.43(1) 
Ni + occupancy 0.05(1) 0.07(1) 
Us0 (S) 0.0021(4) 0.0084(3) 
Ui,, Na 0.0179(2) 0.0223(2) 
Ui,,, (La, Ni) 0.0087(5) 0.0197(6) 
R 0.0575 0.0525 
2.882 6.988 
Table 6.4. Refined Atomic Parameters for NaGd1. XNiXS2., j, (where x=0-0.15) 
(e. s. d. 's are given in parenthesis) 
X= 0.10 0.15 
Crystal system Hexagonal Hexagonal 
Space group R-3mH R-3mH 
Refined cell parameter a (d) 4.0131(1) 4.0148(2) 
Refined cell parameter c ff 19.8985(7) 19.9092(5) 
Cell constant a 900 900 
Cell constant 900 90° 
Cell constant 120° 120° 
Na (x) 0.000000 0.000000 
Na (y) 0.000000 0.000000 
Na (z) 0.500000 0.500000 
Gd, Ni (x, y, z) (shared site) 0.000000 0.000000 
S (x 0.000000 0.000000 
S 0.000000 0.000000 
S (z) 0.2565(3) 0.2576(2) 
S' occuanc 0.97(1) 0.93(1) 
Na+ occupancy 1.00000 1.00000 
Gd + occupancy 0.90(1) 0.85(l) 
Ni +occupancy 0.10(1) 0.15(1) 
U10 (S) 0.0185(2) 0.0317(5) 
U10 (Na) 0.0227(4) 0.0203(1) 
U1e (Gd, Ni) 0.0093(7) 0.0087(3) 
R 0.0317 0.0263 
2.120 5.222 
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Full Rietveld profile refinements were carried out on all materials in the NaLnl. 
,, NiXS2., n series, with initial stages of refinement including profile parameters such as 
scale factor, background and cell parameters. Atomic positions were then refined 
together with temperature factors and peak shape parameters. The refinement profiles 
obtained for NaLa1. XNiXS2_, j2 (where x=0-0.15) and NaGd1.,, NiXS2., j2 materials 
(where x=0-0.15) are shown in Figures (6.16 - 6.17) and (6.18 - 6.19) respectively. 
The cell parameters for the doped systems were shown to increase slightly from x= 
0.1 to x=0.15, possibly indicating some associated structural disorder due to the 
additional dopant ions causing a slight increase in cell parameter of the materials. 
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Figure 6.16. Refinement profile for NaLal_XNiXS2_, j2 (where x=0.10) (upper solid 
line represents observed data and the upper crossed line the calculated 
pattern, the lower solid line represents the fit) 
149 
NaLaS2-Ni(2 
Lombdo 1.54 
a 
vto 
w O' 
XQ 
0 
N 
Hist 1 
-S cycle 92 Obsd. and Diff. Profilei. 
cp 
oN 
U 
30.0 40.0 50.0 60.0 70.0 80.0 90.0 100.0 110.0 
2-Theto, deg 
Figure 6.17. Refinement profile for NaLal., Ni,, S2_, j2 (where x=0.15) (upper solid 
line represents observed data and the upper crossed line the calculated 
pattern, the lower solid line represents the fit) 
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Figure 6.18. Refinement profile for NaGdl_,, NiXS2_, j2 (where x=0.10) (upper solid 
line represents observed data and the upper crossed line the calculated 
pattern, the lower solid line represents the fit) 
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Figure 6.19. Refinement profile for NaGdi_,, NiXS2_, j2 (where x=0.15) (upper solid 
line represents observed data and the upper crossed line the calculated 
pattern, the lower solid line represents the fit) 
6.1.3.3. Structural and bond valence data 
Table 6.5. Derived bond lengths for NaLai. XNiXS2., j2 (where x=0-0.15) (A) 
(e. s. d. 's are given in parenthesis) 
X= 0.10 0.15 
Bond length Na/La /Ni -S (shared site) 2.93925(7) x6 2.9418(7) x6 
Table 6.6. Derived bond lengths for NaGd1., NiXS2., J2 (where x=0-0.15) (A) 
(e. s. d. 's are given in parenthesis) 
X= 0.10 0.15 
Bond length Na-S 2.9264(35) 2.9411(22) 
Bond length Gd/Ni-S 2.7759(31) 2.7653(19) 
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Table 6.7. Derived bond angles for NaLal_,, NiXS2_x/2 materials (x =0-0.15) (A) 
(e. s. d. 's are given in parenthesis) 
NaLa1_xNi1S2_, n compound stoichiometry (x) 
S-M-S 0.10 0.15 
Angles (0) e. s. d. Is are given in parenthesis 
S- (Na / La /Ni)- S 90.000(0) 90.000(0) 
180.000(0) 180.000(0) 
Table 6.8. Derived bond angles for NaGdl_,, NiXS2_, j2 materials (x =0-0.15) (Ä) 
(e. s. d. 's are given in parenthesis) 
NaGd1_XNi, S2_xn compound stoichiomet (x) 
S-M-S 0.10 0.15 
Angles ° e. s. d. 's are given in parenthesis 
86.58(1) 86.08(8) 
S- Na -S 93.42(1) 93.92(8) 
180.000(0) 180.000(0) 
92.58(1) 93.09(8) 
S- (Cd / Ni) -S 87.42(1) 86.91(8) 
180.000(0) 180.000(0) 
Bond valence calculations involving the method described in chapter 2, using 
standard tabulated Ro and B values, 17 gave results for NaLa1.,, NiXS2., j2 and NaGdl. 
XNixS2_, a materials, which were in good agreement with standard values for (±0.3) 
for 
Na +, La3+ / Gd3+ and Ni2+ cations respectively and valence data are summarised in 
table 6.9. 
Table 6.9. Bond valence data for NaLal_,, NiXS2_, j2 (where x=0-0.15) 
(e. s. d. 's are given in parenthesis) 
Compound Metal ion Bond valence value 
NaLal.,, Ni,, S2., j2 (x = 0.10) Na+ 1.0(1) 
La + 2.7(1) 
Ni + 1.7(1) 
NaLa1., NiXS2., j2 (x = 0.15) Na+ 1.0(1) 
La + 2.7(1) 
Ni + 1.7(1) 
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Table 6.10. Bond valence data for NaGdi_, NiyS2_, /2 (where x= 0- 0.15) 
(e. s. d. 's are given in parenthesis) 
Compound Metal ion Bond valence value 
Na l. I(1) 
NaGd1_, Ni, S, 
_,, 
(x 0.10) Gd' 3.0(1) 
N i' 1.7(1) 
Na' 1.0(I ) 
NaGd1-, Ni, S, 
_, 
(x - 0.15) Gd' 3.10) 
Ni- 1.7(I) 
Bond valence calculations for NaLai_, Ni, S2_xi2 and NaGdi_, Ni, S2_, i2 sulfide materials 
showed that all compounds in the dopant range studied were structurally stable, with 
all cations having valences close to their theoretical ideal values with (Na' = 1.0 t0.1 
Lai, / Gd3+ = 3.0 ±0.3, Nie' = 2.0 ±0.3). "l'his indicates that the structures are stable 
and all materials in each system crystallised with the same structure and space group. 
The three dimensional lattice structures of the NaLai_, Ni\S2_.,, p and NaGdi_, NixS,, _. \i2 
materials are shown in Figures 6.20 and 6.21 respectively. 
Figure 6.20. Space tilling diagram of the high symmetry cubic Fm-3m structure of 
the NaLai_, Ni, S-2_, /2 materials (large light shaded spheres represent 
sulfur and smaller dark shaded spheres represent (Na' / Lai, / Nie*) 
shared cation site) 
153 
Figure 6.21. Space filling diagram of the primitive hexagonal R- 3mH structure of 
the NaGdi_, Ni, S2_, /2 materials (large light shaded spheres represent 
sulfur, the dark shaded spheres represent Na' cations and the medium 
shaded small spheres represent (Gdý+ / Ni2`) shared cation site) 
Sulfur stoichiometries were supported by titration data (+02) and Sulfur contents 
were determined by iodine / thiosulfate titration for each of the materials in the 
NaLai_, Ni,, S2_, /2 and Na(idi_, NiyS2_, i2 systems. Collected stoichiometry data are 
summarised in table 6.11. 
Table 6.11. Sulfur content data tier compounds in the Naf. ni_, NiýS2_xi2 series 
(e. s. d. 's are given in parenthesis) 
Com owed Sulfur content 
NaLa, 
_, 
Ni, S, 
_,, (\ 
0.10) 1.97(5) 
NaI. a, _, 
Ni, S, 
_, , 
(x 0.15) I. 92(5) 
NaGdi_, Ni, S, 
_, > 
(x = 0.10) 1.95(5) 
NaGdi_, Ni, S, 
_,, 
(x -- 0.15) 1.91(5) 
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6.1.3.4. UV/Visible absorption data 
The sulfide materials NaLai. XNiXS2., J2 (where x=0-0.20) and NaGdi. XNiXS2., j2 
(where x=0-0.20) were analysed by UV/Vis absorption spectrometry and the 
variations in absorption with increasing dopant quantity of the materials in each series 
were compared. It was found that with the NaLal. XNiXS2., j2 compounds, the samples 
with single-phase XRD patterns (x =0-0.15) showed light beige colouration and 
correspondingly high absorption spectra with maximum absorbance around 58% 
(RA). This contrasted the darker grey colour of the (x = 0.20) sample, which 
contained impurities and a multi-phase XRD pattern and accordingly displayed a 
significantly lower absorption spectrum with maximum absorbance around 37% 
(RA). Collected UV/Vis absorption data for the NaLa1. XNiXS2., J2 materials are shown 
in figure 6.22, with a summary of results shown in table 6.12. 
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Figure 6.22. UV/Vis absorption spectra obtained for NaLal_XNiXS2_, samples 
(where x=0-0.20) 
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Table 6.12. Summary of UV/Vis absorption data for NaLal_,, NiXS2_, j2 samples. 
Compound 1ma (nm) % RA 
relative absorbance) 
X,,,;,, (nm) % RA 
(relative absorbance) 
NaLa, 
_xNixS2_x/2 x=0.10 
800 58.97 400 51.44 
NaLa,. XNixS2., j2 (x = 0.15) 800 58.01 400 52.00 
NaLa,., NixS, 
_x12 
(x = 0.20) 422 37.50 733 34.08 
The NaGdl., Ni,, S2., j2 materials with single-phase XRD patterns (x =0-0.15) also 
showed a light yellow-beige colouration and relatively high absorption spectra with 
maximum absorbance around 60% (RA). The (x = 0.20) sample, which displayed a 
multi-phase XRD pattern, was a dull grey colour and showed a significantly lower 
relative absorption spectrum with maximum absorbance around 35% (RA). Collected 
UV/Vis absorption data for the NaGdi. XNiXS2_, n materials are shown in figure 6.23, 
with a summary of results shown in table 6.13. 
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Figure 6.23. UV/Vis absorption spectra obtained for NaGdi_,, Ni,, S2., j2 samples 
(where x=0-0.20) 
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Table 6.13. Summary of UV/Vis absorption data for NaGdi_, NiýS2_,, /2 samples. 
Compound kill: I, (nnm) % RA 
(relative absorhance) 
1, »;,, (n in) %% RA 
(relative absorbance) 
NaGd, 
_, 
Ni, S, 
_,, 
(x = 0.10) 800 59.85 434 40.65 
NaGd, 
_, 
Ni, S2_, 2 (x = 0.15) 800 57.34 438 39.00 
NaGdi_, Ni, S1_, 2 (x = 0.20) 587 ; 5.60 433 3 I. 27 
6.1.3.5. SEM data 
SEM data were collected from powdered Nal. ni_, Ni, S2_,; 2 samples mounted on 10mm 
diameter adhesive hacked mounting stubs and images were produced using a 
Cambridge Instruments Stereo-scan 360 machine. Image scales are shown at bottom 
left of images and typical scales were 100ern. SEM data for the NaLai_, NiyS2_, i2 
(where x=0 -0.15) and NaGdi_, NiyS,, _xi2 (where x=0-0.15) materials are shown 
in 
Figures (6.24 - 6.26) and (6.27 - 6.29) respectively. 
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Figure 6.24. SEM image of' Nal, ai_, Ni, S2_, i2 (where x=0.10) 
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Figure 6.25. St-, M image of Nal_ai_, NiyS2_, /2 (where x=0.1 5) 
Figure 6.26. SLM images oC Nal. ai_, Ni, S,, _,, i2 
(where x=0.20) 
The data show that NaLai_, Ni, S2_, i2 samples where (x =0-0.15), which displayed 
single-phase XRD patterns, had particles with very uniform size distributions and the 
10 and 15% doped materials both had particles in the narrow size range 5- 10 µm. 
The sample where (x = 0.20) had particles which were similar in appearance to the 
0.10 and 0.15 doped compounds but with a wider particle size range (5 - 25 µm) 
along with some agglomeration. 
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Figure 6.27. SEM image ol'NaGdi_, N(where x=0.10) 
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Figure 6.28. SFM image ol'NaGdi_, NiyS2_, /2 (where x=0.15) 
Figure 6.29. SIN images o1' NaGdi_, Ni, S, _, i, 
(where x=0.20) 
The data collected for the NaGdl.,, Ni,, S2., j2 samples where (x =0-0.20) showed that 
all materials in the series displayed particles with similar general appearance and size 
range distribution (10 - 20 gm) with some limited particle agglomeration. However 
the particles in the (x = 0.20) sample, which displayed a multiple phase XRD pattern, 
did not appear as clearly defined as the ones collected from the 6.10 and 0.15 
samples, this type of observed difference is most likely due to imaging factors though 
rather than sample factors. 
6.1.4. Conclusions 
The first set of doped sulfide materials in this group, which were successfully 
synthesised and characterised were the NaLai.,, NiXS2., J2 (where x=0-0.15) 
materials, which crystallised with the cubic space group Fm-3m with approximate 
cubic cell parameter: a=5.88A. The structural refinements for the cubic NaLa1_ 
,, NiXS2. x/2 materials were well fitted, with Rwp values for the x=0.10 and x=0.15 
doped materials of 0.0575 and 0.0525 respectively and values of 2.88 and 6.98 
respectively. The NaLal. XNixS2., j2 compounds had stable structures confirmed by 
bond valence calculations, with all cations having valences close to their theoretical 
ideal values with (Na+ = 1.0 ±0.2, La3+ = 3.0 ±0.3, Ni2+ = 2.0 ±0.3). The sulfur 
stoichiometries for the materials in the NaLai. XNiXS2., j2 system, which were studied 
were obtained from Rietveld structure refinement of high quality X-ray diffraction 
data collected over a 15h period, as described in section 6.1.3.3 and were supported 
by iodine / thiosulfate titration data (± 0.2). The UV/vis spectra collected for the 
NaLaI. XNiXS2., d2 materials showed a distinct difference in colour and absorption 
spectra for the single phase materials (where x=0-0.15), which had very similar 
appearance, colour and UV/vis absorption (maximum absorbance = 58-59% RA) 
compared to the darker coloured, (x = 0.20) sample (maximum absorbance = 37.5% 
RA), which produced a multi-phase XRD pattern and contained excess nickel dopant 
impurities. 
Another set of materials from this group, which were successfully synthesised and 
characterised, were the NaGdi. XNiXS2., j2 (where x=0-0.15) materials, which 
crystallised with the hexagonal space group R-3mH and approximate cell parameters: 
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a=4.02A, c= 19.96A and a= 90°, ß= 90°, y= 120°. Rietveld structure refinements 
for the hexagonal NaGdl.,, NiXS2., i2 materials were also well fitted, with Rwp values 
for the x=0.10 and x=0.15 doped materials of 0.0317 and 0.0263 respectively and 
y values of 2.12 and 5.22 respectively. The NaGd1.,, Ni,, S2., j2 compounds also had 
stable structures confirmed by bond valence calculations, with all cations having 
valences close to their theoretical values with Naa = 1.0 ±0.1, Gd3+ = 3.0 ±0.1, Ni2+ = 
2.0 ±0.3. Sulfur stoichiometries were also obtained from Rietveld structure 
refinement of high quality XRD data collected over a 15h period and were supported 
by sulfur titration data (± 0.2). The UV/vis spectra collected for the NaGd1. XNiXS2., j2 
materials, similar to the sodium lanthanum systems, also showed a distinct difference 
in colour and absorption spectra for the single phase materials (where x=0-0.15), 
which had very similar appearance, colour and UV/vis absorption (approximate 
maximum absorbance = 57-59% RA) relative to the darker (x = 0.20) sample 
(approximate maximum absorbance = 35.6% RA), which contained dopant impurities 
and produced a multi-phase XRD pattern. The materials NaLa1. XNiXS2., j2 (x =0- 
0.15) and NaGdl. XNiXS2., n (x =0-0.15) were found to have some of the lattice 
structure, stoichiometry and physical properties, particularly the anion non- 
stoichiometry, which commonly leads to structural anion sublattice disorder and 
associated vacancies and could potentially give rise to sulfide-ion mobility / 
conductivity within these systems. These successfully characterised doped sulfide 
materials were therefore taken forward for conductivity testing and assessment for 
possible application as high temperature sulfide-ion conductors. 
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CHAPTER 7 
Preparation and characterisation of various doped 
A2_XMXS2_X and A2_XMXS3_x/2 type sulfide systems 
7. Preparation and characterisation of various doped A1 _ 
MXS and 
MXS; 
_Xi2 type sulfide systems 
7.1. Introduction 
There has been a large variety of work produced on the selective cation doping of 
various metal oxide systems, particularly with application to the development of solid 
oxide fuel cells. 1-3 As discussed previously, the doping of tetravalent and trivalent 
cation sites with dopant ions of a divalent charge can produce extrinsic anion 
vacancies and lattice disorder, leading to increased anion mobility and observed 
oxide-ion conductivity at elevated temperatures. Doped oxide systems which display 
anionic conductivity at high temperature include YSZ and CSZ (yttria and calcia 
stabilised zirconias), 4.6 calcia doped ceria, 7' 8 La2O3 - xSrO 
9 and various solid 
solutions involving sesquioxides Bi203, La203, Y203, Gd203, Sm203 and Dy203.10,11 
The transport properties of vanadium doped titanium sulfide have been studied 
previously12 and the observed conductivity in the doped materials was found to be 
strongly dependent on vanadium dopant content. The system Ti,., 'VXS2 was studied in 
the dopant range 0-5mol%, the transport agent was a large excess of sulfur and the 
increase in conductivity was attributed to disordered vanadium and sulfur-ions 
throughout the lattice. An investigative study was undertaken into the possibility of 
creating a series of novel doped AI. XMXS2_X and A2. XMXS3., j2 type sulfide systems. 
This involved groups of various disulfide and sesquisulfide test compounds 
containing tetravalent and trivalent host cations respectively, being doped with 
divalent first row transition metal ions, such as copper, cobalt and nickel, in attempt 
to create anion disorder and sulfide vacancies via the charge neutrality principle. 
These materials would then be characterised using a variety of techniques such as 
XRD, UV/Vis spectroscopy, SEM and sulfur titration analysis in order to study the 
structure and properties of the new systems. 
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7.2. Experimental 
The A1. XMXS2_X and A2. XMXS3., J2 type sulfide systems were prepared 
by the direct 
combination of AS2 / A2S3 (where A= Ce, Ti, Y, Zr, Hf, Mo, In, La, Ta, W, Nd, Sm, 
Gd) and powdered MS dopants (where M= Cu, Co, Ni). The doped sulfides were 
finely ground with a pestle and mortar, under argon in the glove box, and were then 
transferred into silica tubes, which were evacuated on a high vacuum line and weld- 
sealed. Reaction vessels for all A1. XMXS2. X and A2. XMXS3., j2 materials were then heated 
to 800°C at a rate of 1°C /min and the furnace was allowed to dwell for a period of 24 
hours. Initial phase determinations were obtained from XRD data collected in the 
range 25 - 65° over a period of 1 hour. Refinement quality XRD data were collected 
across the range 25 - 110° over a period of 15 hours. Monochromatic Cu (Kai) 
radiation was used and scans were run with a step size of 0.014°. SEM data were 
collected for all successfully doped materials, powdered samples were mounted onto 
10mm diameter mounting stubs and data were collected using a Cambridge 
Instruments Stereo-scan 360 machine and typical image scales were 20µm. UV/Vis 
spectra were collected for the doped materials and used to investigate and compare 
changes in colour and visible range absorption spectra due to the presence / quantity 
of the various divalent cation dopants. Colour measurements and visible absorption 
data were collected for sulfide samples using a Perkin-Elmer Lambda 35 UV/Vis 
spectrometer, with a titanium dioxide blank standard. Absorption data were collected 
across the range 400-800nm, with data intervals of Inm and a scan speed of 
240nm/min. Data were plotted as wavelength vs percentage relative absorption and 
analysed using the UV Winlab software. 
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7.3. Results and Discussion 
7.3.1. XRD Data 
7.3.1.1. A, 
_, 
MXSz_x (where A= Ti, Zr, Hf, Mo, Ta, W, M= Cu, Co, Ni) (x = 0-0.2) 
X-ray diffraction data collected for the A1. XMXS2. X materials showed a range of results 
and compounds, which were successfully synthesised included Hf1. XNi, tS2. X (x =0- 
0.15) which crystallised with the primitive hexagonal space group P-3m1 with 
approximate cell parameters: a=3.63A, c=5.84A and a= 90°, ß= 90°, y= 120° and 
Zri. XNiXS2- (x =0-0.15) which also crystallised with the primitive hexagonal space 
group P-3m1 and with approximate cell parameters: a=3.66A, c=5.82A and a= 
90°, ß= 90°, y= 120°. The X-ray diffraction data collected for the Hf1. XNiXS2. X 
materials are shown with increasing nickel content in figures 7.1,7.2 and 7.3. 
HfS2-Ni(1) 
Figure 7.1. Powder XRD pattern obtained for Hfl_xNiXS2_X (where x=0.10) 
sample material with data referenced to the relevant JCPDS file13 
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Figure 7.2. Powder XRD pattern obtained for Hf1. XNiXS2_X (where x=0.15) 
HfS2-Ni(3) 
Figure 7.3. Powder XRD pattern obtained for Hft_XNiXS2_X (where x=0.20) 
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The XRD data in figure 7.3 show that the nickel dopant has been observed in the 
diffraction pattern as NiS2 and the data also show the formation of an HfS2 phase 
within the sample. The experiment was repeated with the same result and this 
indicated that the effective dopant limit for nickel within the Hf1.,, NiXS2_X system 
under investigation is x=0.15. The introduction of copper and cobalt into the Hfl. 
XCuxS2., t and Hf1. XCoXS2. X samples produced significant peak broadening and pattern 
distortion, which made accurate structure refinement impossible in these cases, the 
collected XRD data for Hf1. XCuxS2. X (where x=0.1) and Hfi. XCoxS2. X (where x=0.1) 
are shown in figures 7.4 and 7.5 respectively. 
HfS2-Copper 
t J 
Figure 7.4. Powder XRD pattern obtained for Hfl_XCuXS2_X (where x=0.10) 
sample material with data referenced to the relevant JCPDS file13 
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Figure 7.5. Powder XRD pattern obtained for Hfi. XCoXS2. X (where x=0.10) 
sample material with data referenced to the relevant JCPDS file13 
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Another successfully prepared group of doped sulfide materials were the nickel doped 
zirconium sulfides. The X-ray diffraction data collected for the Zrl_. NiXS2_X materials 
are shown with increasing nickel content in figures 7.6,7.7 and 7.8. 
ZrS2-Ni(1) 
Figure 7.6. Powder XRD pattern obtained for Zrl_,, NiXS2_X (where x=0.10) sample 
material with data referenced to the relevant JCPDS file13 
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Figure 7.7. Powder XRD pattern obtained for Zri.. NixS2_X (where x=0.15) sample 
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Figure 7.8. Powder XRD pattern obtained for Zri. xNixS2. x (where x=0.20) sample 
171 
zo0oAo 0o im 
2-Thda - Scale 
®a53N(Z-WMffiRZrwwTyvs 2rWhICOW-9M öOm""6d IOQ8W-"9000 ". I. plmsat. -T.. p 21'C"1b, $. W 100"2. Thd aOm""lhY 1260D""Oo nm"-iM ODO 
Cp-m- a. eovna, OMID001 NVA 
[ 0114Q7Y1o-aimnun SIýd. a .Y ýM l0%-aýg1. NI. 1 SIDE"IYopuy""loeoW. blaoDOD"obaM"dptigOMO"bfgGOOD-gn 120000"F a M1lnt(1611.1"m ASr 
o; 
S as O to to 
2-Theta " 
Scale 
"I- %Lffi-Wa1s Tts 2TM01u. r0-aft2tOm'"Bbado%*''UP 0012""6pWM21e"Tr0.2aC"Trti9-. d176"2Tr" 25000". 7Ao 12700'-Ch 000'"T 0W"" 
Q. waa B. daa4100). + 0001 OVA 
[. aom+oaro(o"aoa, enu+a,. as2-r+aaa+x .. ear-"aemao-eaeeoao"aaeaam-ra. ooox-moaooo"o. ". noaoo-n. ++-ýteu+aq-I- 075. - 
+aea(4"r+. rewa"Ne. rueax"e W t"vý+ace. w. mnr-"a"sao"oa"aom-eaatuo"ry. a0=-maoaao-0-120000-P"Vm-r+ean-(+a)"2"a. ena. m 
!- -Xsa(a"r. +n. m-rrsa"rrZ%-d d+. vom+a+m. am""aenoo"saenao"eae>rm-rd. ooob. sraoom-vmmaomo-n. w. -v a(2osý". -+ezom-mwca2 
uie(ý"ý. ýomn-ruat. r+2aa%-e q+t"W. +sae-weenH... ""a7en. sa7eao-e7+a+m-. a+ooob-aroaao"a"""+2oaoo" 4thS Ospxl-a-200oea- 
The XRD data collected for the Zr1. XNiXS2. X (x = 0.20) sample (Figure 7.8) showed 
nickel sulfide impurity phases present in the diffraction pattern and the experiment 
was repeated with the same result and this indicated that the dopant limit for nickel 
within the Zr1. xNiXS2. X system is at x=0.15. The XRD data 
for the copper and cobalt 
doped zirconium sulfide samples showed the presence of copper sulfide and cobalt 
sulfide impurities in each of the patterns respectively. The collected XRD data for 
Zr1. XCuXS2. X (where x=0.1) and Zr1. XCoXS2. X (where x=0.1) are shown 
in figures 7.9 
and 7.10 respectively. 
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Figure 7.9. Powder XRD pattern obtained for ZrI_XCUxS2_X (where x=0.10) 
sample with data referenced to the relevant JCPDS files13 
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Figure 7.10. Powder XRD pattern obtained for Zr1. XCoXS2. X (where x=0.10) 
sample with data referenced to the relevant JCPDS files13 
Materials in the A1.,, M,, S2_,, series for which the synthesis was found to be 
unsuccessful, included the materials Ti1.,, M,, S2_,, (M = Cu, Co, Ni) and (x =0-0.20), 
Tai. XMXS2_X (M = Cu, Co, Ni) and (x =0-0.20), Mol_XMXS2_X (M = Cu, Co, Ni) and (x 
=0-0.20) and WI_XMXSZ_X (M = Cu, Co, Ni) and (x =0-0.20). A full summary of 
materials investigated and corresponding results is shown in table 7.1. 
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Table 7.1. Summary of reaction conditions and results for A1_XMXS2_X samples. 
Target Phase Temp C Reaction time (hr) Results of XRD phase analysis 
Hf1. xMXS2. x 
(M = Co, Cu, Ni) 
800 24 
Doped phase successfully synthesised with 
nickel dopant, copper and cobalt samples 
produced pattern distortion and data collected 
repeatedly were unrefinable 
800 molybdenum sulfide + copper sulfide 
MoI_XMXSZ. X 900 24 molybdenum sulfide + cobalt sulfide (M = Co, Cu, Ni) 1000 molybdenum sulfide + nickel sulfide 
1100 at all temperatures + stoichiometries 
800 tantalum sulfide + copper sulfide 
Tai_xMxS2. x 900 24 tantalum sulfide + cobalt sulfide (M = Co, Cu, Ni) 1000 tantalum sulfide + nickel sulfide 
1100 at all temperatures + stoichiometries 
800 titanium sulfide + copper sulfide 
Ti1. XMXS2. X 900 24 titanium sulfide + cobalt sulfide (M = Co, Cu, Ni) 1000 titanium sulfide + nickel sulfide 
1100 at all temperatures + stoichiometries 
800 tungsten sulfide + copper sulfide 
Wi-XMxS2-x 900 24 tungsten sulfide + cobalt sulfide 
(M = Co, Cu, Ni) 1000 tungsten sulfide + nickel sulfide 
1100 at all temperatures + stoichiometries 
Zr1. XMxS2. x 
(M = Co, Cu, Ni) 
800 24 
Doped phase successfully synthesised with 
nickel dopant, copper and cobalt samples 
showed copper sulfide and cobalt sulfide 
impurity peaks respectively 
The maximum reaction temperature reached in the attempted syntheses of the 
titanium, tantalum, molybdenum and tungsten samples, without reactant compounds 
melting and destroying reaction vessels was 1100°C / 24 hours. Syntheses carried out 
in the 800 - 1100°C temperature range produced no successful doped single phases of 
the form Al_XMXS2_X. The XRD data obtained for Tii_XCoXS2_X (where x=0.1), Til. 
XCuxS2. X (where x=0.1) and TiI. XNiXS2. X (where x=0.1) are shown in figures 7.11, 
7.12 and 7.13 respectively. 
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TiS2-cobalt 
5 
Figure 7.11. Powder XRD pattern obtained for Ti1. XCoXS2. X (where x=0.10) 
TiS2-copper 
5 
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Figure 7.12. Powder XRD pattern obtained for Tii. XCuXS2_X (where x=0.10) 
TiS2-nickel 
Figure 7.13. Powder XRD pattern obtained for Ti1.. NiXS2_X (where x=0.10) sample 
with data referenced to relevant JCPDS files 
Syntheses were attempted at x=0.05 and 0.1 with the same results, indicating that 
stable doped sulfide phases of the form A,. XMXS2_X (where A= Ti, Ta, Mo and W) and 
(M = Co, Cu, Ni) were not achievable under the reaction conditions studied. 
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7.3.1.2. A2=XMXS3_x/2 (A = In, V, Gd, Ce, La, Sm, Nd, Ga, Bi, M= Cu, Co, Ni) 
Results for this group of materials showed limited success with most samples 
prepared either displaying separate dopant phases in the XRD data, or forming 
alternate stoichiometry to the target phases. A volume of null results were collected in 
this section and representative samples are shown in figures 7.14 - 7.22. Syntheses of 
A2_XMXS3_xn materials were carried out at 800°C, 900°C, 1000°C and 1100°C and a 
summary of reaction conditions and corresponding results are shown in table 7.2. 
Bi2S3-Nickel 
Figure 7.14. Powder XRD pattern obtained for Bi2_, NiXS3_, j2 (where x=0.10) 
sample with data referenced to the relevant JCPDS files' 3 
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Ce2S3-nickel 
Figure 7.15. Powder XRD pattern obtained for Ce2_XNiXS3_, j2 (where x=0.10) 
Ga2S3-nickel 
Figure 7.16. Powder XRD pattern obtained for Ga2_,, NiXS3_xn (where x=0.10) 
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Figure 7.17. Powder XRD pattern obtained for Gd2_,, NiXS3_iJ2 (where x=0.10) 
In2S3-Nickel 
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Figure 7.18. Powder XRD pattern obtained for In2_XNiXS3_xn (where x=0.10) 
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Figure 7.19. Powder XRD pattern obtained for La2_,, Ni,, S3_, j2 (where x=0.10) 
Nd2S3-nickel 
Figure 7.20. Powder XRD pattern obtained for Nd2_,, NiXS3_V2 (where x=0.10) 
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Figure 7.21. Powder XRD pattern obtained for Sm2_,, NiXS3_, j2 (where x=0.10) 
Y2S3-Nickel 
Figure 7.22. Powder XRD pattern obtained for Y2. XNiXS3_, j2 (where x=0.10) 
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Table 7.2. Summary of reaction conditions and results for A2_XMXS3_, J2 samples. 
Target Phase Temp (C) Reaction time (hr) Results of XRD phase analysis 
800 bismuth sulfide + copper sulfide 
Bi2. xMXS3. xn 900 24 bismuth sulfide + cobalt sulfide (M = Co, Cu, Ni) 1000 bismuth sulfide + nickel sulfide 
1100 at all temperatures + stoichiometries 
800 cerium sulfide + copper sulfide 
Ce2. xMXS3-,, 2 900 24 cerium sulfide + cobalt sulfide (M = Co, Cu, Ni) 1000 cerium sulfide + nickel sulfide 
1100 at all temperatures + stoichiometries 
800 gallium sulfide + copper sulfide 
Ga2. XMXS3. xrz 900 24 gallium sulfide + cobalt sulfide (M = Co, Cu, Ni) 1000 gallium sulfide + nickel sulfide 
1100 at all temperatures + stoichiometries 
800 gadolinium sulfide + copper sulfide 
Gd2. XMXS3., d2 900 24 gadolinium sulfide + cobalt sulfide (M = Co, Cu, Ni) 1000 gadolinium sulfide + nickel sulfide 
1100 at all temperatures + stoichiometries 
800 indium sulfide + copper sulfide 
In2. XMXS3. ,2 900 24 indium sulfide + cobalt sulfide 
(M = Co, Cu, Ni) 1000 indium sulfide + nickel sulfide 
1100 at all temperatures + stoichiometries 
800 lanthanum sulfide + copper sulfide 
La2. XMxS3.,, 2 900 24 lanthanum sulfide + cobalt sulfide 
(M = Co, Cu, Ni) 1000 lanthanum sulfide + nickel sulfide 
1100 at all temperatures + stoichiometries 
800 neodynium sulfide + copper sulfide 
Nd2. XMxS3. xn 900 24 neodynium sulfide + cobalt sulfide 
(M = Co, Cu, Ni) 1000 neodynium sulfide + nickel sulfide 
1100 at all temperatures + stoichiometries 
800 samarium sulfide + copper sulfide 
Sm2. xMXS3., jn 900 24 samarium sulfide + cobalt sulfide 
(M = Co, Cu, Ni) 1000 samarium sulfide + nickel sulfide 
1100 at all temperatures + stoichiometries 
800 yttrium sulfide + copper sulfide 
Y2-XM: S3-xn 900 24 yttrium sulfide + cobalt sulfide 
(M = Co, Cu, Ni) 1000 yttrium sulfide + nickel sulfide 
1100 at all temperatures + stoichiometries 
The maximum reaction temperature reached in the syntheses without reactant 
compounds melting and destroying reaction vessels was 1100°C / 24 hours. Syntheses 
produced no successful doped single phases of the form A2_XMXS3_, j2. Syntheses were 
also attempted at x=0.05 and 0.1 with the same results, indicating that stable doped 
sulfide phases of the form A2_XMXS3_, j2 (where A= Bi, Ce, Ga, Gd, In, La, Nd, Sm, Y 
and M= Co, Cu, Ni) were not achievable under the reaction conditions studied. 
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7.3.2. Structure refinement 
Table 7.3. Refined Atomic Parameters for Hf1.,, NiXS2_X materials (x =0-0.15) 
(e. s. d. 's are given in parenthesis) 
X= 0.10 0.15 
Crystal system Primitive trigonal Primitive trigonal 
Space group P-3ml P-3m1 
Refined cell parameter (, d) 3.6281(1) 3.6255(3) 
Refined cell parameter c (A) 5.8431(2) 5.8397(2) 
Cell constant a 90° 90° 
Cell constant 90° 90° 
Cell constant y 120° 120° 
S (x 0.3333 0.3333 
S( 0.6667 0.6667 
S (z) 0.2484(5) 0.2479(5) 
Hf, Nix, y, z) (shared site) 0.00000 0.00000 
S'- occup anc 0.90(1) 0.86(1) 
H+ occupancy 0.90(1) 0.86(1) 
Ni'*occupancy 0.10(i) 0.14(l) 
U; S° (S) 0.0059(6) 0.0082(3) 
Uis° (H f Ni 0.0047(2) 0.0091(5) 
R 0.0799 0.0777 
3.248 12.51 
Table 7.4. Refined Atomic Parameters for Zri_XNiXS2_X materials (x =0-0.15) 
(e. s. d. 's are given in parenthesis) 
X= 0.10 0.15 
Crystal system Primitive trigonal Primitive trigonal 
Space group P-3ml P-3ml 
Refined cell parameter a (ff 3.6581(1) 3.6637(2) 
Refined cell parameter c 5.8197(3) 5.8278(3) 
Cell constant a 900 90° 
Cell constant 90° 90° 
Cell constant 120° 120° 
Sx 0.3333 0.3333 
S( 0.6667 0.6667 
S (z 0.2497(4) 0.2482(3) 
Zr, Ni (x, y, z) (shared site) 0.00000 0.00000 
S2- occu anc 0.95(1) 0.88(l) 
Zr occupancy 0.90(l) 0.85(l) 
Ni'* occupancy 0.10(i) 0.15(1) 
U15O (S) 0.0066(5) 0.0113(5) 
U150 (Zr, Ni) 0.0021(3) 0.0062(3) 
R 0.0757 0.0707 
2.479 8.024 
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Full Rietveld profile refinements were carried out on all Hf1., tNi,, S2. X and Zrl. XNiXS2. X 
materials and initial stages of refinement included profile parameters such as 
background, scale factor and cell parameters. Atomic positions were then refined 
together with temperature factors and peak shape parameters. The refinement profiles 
obtained for Hf1. XNiXS2. X materials (where x=0-0.15) and Zri.,, NiXSZ. X materials 
(where x=0-0.15) are shown in Figures (7.23 - 7.24) and (7.25 - 7.26) respectively. 
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Figure 7.23. Refinement profile for Hf1_XNiXS2_X (where x=0.10) (upper solid line 
represents observed data and the upper crossed line the calculated 
pattern, the lower solid line represents the fit) 
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Figure 7.24. Refinement profile for Hf1. XNiXS2_X (where x=0.15) (upper solid line 
represents observed data and the upper crossed line the calculated 
pattern, the lower solid line represents the fit) 
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Figure 7.25. Refinement profile for Zrl.,, NixS2. X (where x=0.10) (upper solid line 
represents observed data and the upper crossed line the calculated 
pattern, the lower solid line represents the fit) 
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Figure 7.26. Refinement profile for Zri. XNixS2. X (where x=0.15) (upper solid line 
represents observed data and the upper crossed line the calculated 
pattern, the lower solid line represents the fit) 
7.3.3. Structural and bond valence data 
Table 7.5. Derived bond lengths for Hf1.. NiXS2. X (where x=0-0.15) (A) 
(e. s. d. 's are given in parenthesis) 
X= 0.10 0.15 
Bond length Hf/Ni -S (shared site) 2.5484(17) 2.5449(17) 
Table 7.6. Derived bond lengths for Zri.. NiXS2_X (where x=0-0.15) (A) 
(e. s. d. 's are given in parenthesis) 
X= 0.10 0.15 
Bond length Zr /Ni -S (shared site) 2.5636(12) 2.5626(16) 
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Table 7.7. Derived bond angles for Hfl_XNiXS2_X materials (where x=0-0.15) (Ä) 
(e. s. d. 's are given in parenthesis) 
Hf1_,, Ni, S2., compound stoichiometry (x) 
S-M-S 0.10 0.15 
Angle s e. s. d. 's are given in parenthesis 
90.77(7) 90.85(7) 
S- (Hf / Ni) -S 89.23(7) 89.15(7) 
180.000(0) 180.000(0) 
Table 7.8. Derived bond angles for Zrl_XNiXS2_X materials (where x=0-0.15) (A) 
(e. s. d. 's are given in parenthesis) 
Zr1_, Ni, S2_x compound stoichiornetry (x) 
S-M-S 0.10 0.15 
Angles e. s. d. 's are given in parenthesis 
91.04(5) 91.26(6) 
S- (Zr / Ni) -S 88.97(5) 88.74(6) 
180.000(0) 180.000(0) 
Bond valence calculations involving the method described in chapter 2, using 
standard tabulated Ro and B values, gave results for Hf1.,, Ni,, S2. X and Zr1. XNiXS2. X 
materials, which were in good agreement with standard values for Hf 4+/ Zr4+ (±0.2) 
and for Ni2+ ions (±0.3). Bond valence data for the Hf1.,, NiXS2. X and Zr1. XNiXS2. X 
materials are summarised in tables 7.9 and 7.10. 
Table 7.9. Bond valence data for Hfi_XNiXS2_X (where x=0-0.15) 
(e. s. d. 's are given in parenthesis) 
Compound Metal ion Bond valence value 
Hf1_,, NiXS2_x (x = 0.10) Hf + 3.9(1) 
Ni + 1.8(1) 
Hf1_,, NiXS2_x (x = 0.15) Hf + 3.9(1) 
Ni 2+ 1 1.8(1) 
Table 7.10. Bond valence data for Zri.,, NiXS2_X (where x=0-0.15) 
(e. s. d. 's are given in parenthesis) 
Compound Metal ion Bond valence value 
Zr1_,, NiXS2_X (x = 0.10) Zr + 3.8(1) 
Ni 2+ 1.7(1) 
Zrl.,, NixS2_X (x = 0.15) Zr + 3.8(1) 
Ni 2+ 1.7(1) 
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Bond valence calculations for Hfi_, Ni,, S1_, and Zri_, Ni, S)_, sulfide materials showed 
that all compounds in the dopant range studied were structurally stable, with all 
cations having valences close to their theoretical ideal values (Hf / Zr4ý = 4.0 +02, 
Ni2- = 2.0 +0.3). The primitive hexagonal (P-3ml) lattice structure of the Hfi_, NixS2_x 
and Zrl_, Ni, S2_, materials is shown in Figure 7.27. 
Figure 7.27. Space filling diagram of the primitive hexagonal P-3m1 structure of 
the Hfi_,, Ni, S2_, and Zri_, Ni, S2_, materials (large light shaded spheres 
represent sulfur and smaller dark shaded spheres represent (110'/ Ni2') 
and (Zr4 / Nie ) shared cation site) 
Sulfur stoichiometries were supported by titration data (f 0.05). Sulfur contents were 
determined by iodine / thiosulfate titration for each of the Hfi_, Ni, S, _, and 7ri_, Ni, S2_, 
materials (where x=0-0.15) and collected data are summarised in table 7.11. 
Table 7.11. Sulfur content data for all compounds in the Mln2S4-xLn2S3 series 
(e. s. d. 's are given in parenthesis) 
Compound Sulfur content 
Ilf, 
_, 
Ni, S, 
_, (s 
0.10) I. 92(5) 
Ilfi_, Ni, S=_, (x 0.15) 1.87(5) 
7. r, _, 
Ni, S, 
_, 
(x 0.10) 1.93(5) 
%r, 
_, 
Ni, S, 
_, (x 
0.15) 1.88(5) 
188 
7.3.4. UV/Visible absorption data 
The sulfide materials Hf1., NiXS2. X (where x=0-0.20) and Zrl. XNiXS2. X (where x=0- 
0.20) were analysed by UV/Vis absorption spectrometry and variations in absorption 
with increasing dopant quantity of the materials in each series were compared. It was 
found that the Hfi. XNiXS2_X materials all looked visually similar and had a red-brown 
colouration, with the (x = 0.20) sample appearing very slightly darker than the other 
samples. Compounds with single-phase XRD patterns (x =0-0.15) displayed 
absorption spectra with maximum absorbance around 35% (RA). The (x = 0.20) 
sample, which contained dopant impurities and a multi-phase XRD pattern showed a 
lower absorption spectrum with maximum absorbance around 28% (RA). Collected 
UV/Vis absorption data for the Hf1. XNiXS2. X materials are shown in figure 7.28, with a 
summary of results shown in table 7.12. 
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Figure 7.28. UVNis absorption spectra of obtained for Hf1.,, NiXS2_X samples 
(where x=0-0.20) 
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Table 7.12. Summary of UV/Vis absorption data for Hfl_,, NiXS2_X samples. 
Compound )., 8, (nm) % RA 
(relative absorbance 
a,,,,;,, (nm) % RA 
(relative absorbance) 
Hf1.,, NiXS2_X x=0.10 622 35.61 433 25.76 
Hf1_,, NixS2_X (x = 0.15) 632 34.50 424 22.90 
Hfi_, NiSZ_, (x = 0.20) 800 28.02 427 20.48 
The Zrl. XNi,, S2. X materials with single-phase XRD patterns (x =0-0.15) were a 
medium brown colour, with the compounds appearing darker as the nickel content of 
the samples increased and the (x = 0.20) sample, which displayed a multi-phase XRD 
pattern appeared slightly darker brown than the other samples. The maximum 
absorbance values for the 0.10 and 0.15 samples were approximately 40% and 34% 
(RA) respectively and the spectra for the both materials showed the same 
characteristic absorption curve offset. The (x = 0.20) sample displayed a maximum 
absorbance value of approximately 30% (RA) but had a much flatter absorption 
spectra and appeared generally dissimilar to those of the other samples. Collected 
UV/Vis absorption data for the Zri.,, NiXS2. X materials are shown in figure 7.29, with a 
summary of results shown in table 7.13. 
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Figure 7.29. UV/Vis absorption spectra obtained for Zrl_,, NiXS2_X samples 
(where x=0-0.20) 
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Table 7.13. Summary of UV/Vis absorption data for Lri_, Ni, S2_, samples. 
Compound ý., mi. (nm) '%o RA 
(relative absorbance) 
k,,,;, (nm) '%o RA 
(relative absorbance) 
Zri_, Ni, S, 
_, 
(x = 0.10) 684 40.74 454 24.87 
Zr, 
_, 
Ni, Sl_, 2 (x = 0.15) 680 34.61 423 17.65 
Zr, 
_, 
Ni, S, 
_, 
(x -- 0.20) 665 30.54 420 24.90 
7.3.5. SEM data 
SEM data were collected from powdered Hf'i_, Ni, S2_, and Zri_, Ni, S2_, samples 
mounted on 10mm diameter adhesive backed mounting stubs and images were 
produced using a Cambridge Instruments Stereo-scan 360 machine. Image scales are 
shown at bottom left of images and typical scales were 100µm. SEM data obtained 
for the Hfi_, Ni, S, _, (where x=0-0.15) and 
Zri_, Ni, S7_, (where x=0-0.15) 
materials are shown in Figures (7.30 - 7.32) and (7.33 - 7.35) respectively. 
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Figure 7.30. SI: M image of Ht'i_, Ni, S2_, (where x=0.10) scale -- 100pun. 
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Figure 7.31. SEM image ol'1 ll'i_yNi, S2_, (where x=0.1 5) scale = 100µm. 
Figure 7.32. SL: M images cif { It'1-, Ni, S2_, (where x=0.20) scale = 100µm. 
The data show that Hti_, Ni, S? _, samples where 
(x =0-0.15), which displayed single 
phase XRD patterns had particles with a similar size and distribution range, with both 
samples having a large number of particles, which were < 10[umm in size. The sample 
where (x = 0.20) had particles which were larger in comparison to the 0.10 and 0.15 
doped materials with a general particle size range of (l0 - 30µm) with some particles 
visible up to 80µm. 
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Figure 7.33. SFM image ot'Lri_, Ni, S2_, (where x=0.10) scale = 100µm. 
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Figure 7.34. SEM image ot7. ri_, Ni, S-, _, (where x=0.15) scale = 
100µm. 
Figure 7.35. SI: M images of Lri_, Ni, S2_, (where x 0.20) scale - 100µm. 
The data show that Zrl.,, NiXS2. X samples where (x =0-0.15), which displayed single 
phase XRD patterns had irregular shaped jagged particles, with a similar appearance 
and size range distribution, with both 0.10 and 0.15 doped samples having particles in 
the range (10 - 30µm). The sample where (x = 0.20) had particles which were 
generally larger in comparison to the 0.10 and 0.15 doped materials with an average 
particle size range of (10 - 40µm) with some particles up to 70µm. The material also 
displayed significant agglomeration relative to the other single-phase samples. 
7.4. Conclusions 
The majority of the binary sulfide materials, which were investigated during this 
work, could not be successfully doped with any of the first row transition metal cation 
dopants attempted (Cu2+, Coe+, Nie+). There were however a small number of doped 
MS2 type binary sulfide materials, which were successfully prepared and 
characterised, these included the Hfl_XNiXS2. X (where x=0-0.15) materials, which 
crystallised with the primitive hexagonal space group P-3m1 with approximate cell 
parameters and constants: a=3.62A, c=5.84A and a= 90°, ß= 90°, y= 120°. The 
structural refinements for the Hf1. XNiXS2. X materials were well fitted, with Rwp values 
for the x=0.10 and x=0.15 doped materials of 0.0799 and 0.0777 respectively and 
y values of 3.25 and 12.51 respectively. The bond valence calculations for the Hf1_ 
XNiXS2_X materials showed that the doped compounds had stable structures, with all 
cations having valences close to their theoretical ideal values (Hf4+ = 4.0 ±0.1, Ni2+ = 
2.0 ±0.2). The sulfur stoichiometries for the materials in the Hf1.,, NiXS2_X system, were 
obtained from Rietveld refinement of high quality powder diffraction data collected 
over a 15h period and were supported by iodine / thiosulfate titration data (± 0.05). 
The UV/vis data collected for the Hfi. XNiXS2_X materials showed that there was no 
dramatic colour change across the series as the dopant level increased, as was 
observed with some other doped sulfides investigated. All Hf1.,, NiXS2_X materials 
looked visually similar and had a red-brown colouration, the colour of the compounds 
got slightly darker with increasing nickel content, with the (x = 0.20) material 
appearing very slightly darker than the other samples. 
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Another group of binary sulfide materials, which were successfully prepared and 
characterised, were the Zr1.,, NiXS2. X (where x=0-0.15) materials, which also 
crystallised with the primitive hexagonal space group P-3m1 with approximate cell 
parameters and constants: a=3.66A, c=5.82A and a= 90°, ß= 90°, y= 120°. The 
cell constants were slightly larger than those of the Hf1. XNixS2_X system, reflecting the 
slightly increased ionic radii of Zr4+ (0.79A) versus Hf 4+ (0.78A). Rietveld 
refinements for the Zri. XNiXS2. X materials were also well fitted, with Rwp values for 
the (x = 0.10) and (x = 0.15) doped materials of 0.0757 and 0.0707 respectively and 
y values of 2.48 and 8.02 respectively. The Zri. XNi,, S2. X compounds also had stable 
structures confirmed by bond valence calculations, with all cations having valences 
close to their theoretical values with (Zr4+ = 4.0 ±0.2, Ni2+ = 2.0 ±0.3). Sulfur 
stoichiometries were obtained from Rietveld refinement of high quality XRD data 
collected over a 15h period and were supported by sulfur titration data (± 0.05). The 
UV/vis data collected for the Zr1. XNiXS2. X materials showed that, similar to the results 
for the doped hafnium system, there was no dramatic colour change across the series 
as the nickel dopant level increased. All the Zr1. XNiXS2. X materials looked visually 
similar and were a medium brown colour, the colouration of the compounds got very 
slightly darker with increasing nickel content, with the (x = 0.20) material having a 
marginally darker appearance than the other samples. The particles seen in the SEM 
data for the (x = 0.20) sample were slightly larger than those of the (x =0-0.15) 
materials, which could also contribute to the darker appearance of the 0.20 sample; 
the same is also true for the Hfl. XNiXS2. X materials, as more finely ground powders 
tend to appear lighter visually due to the larger number of reflective crystal surfaces. 
The materials Hf1. XNiXS2. X (x =0-0.15) and Zr1. XNiXS2. X (x =0-0.15), which both 
adopted the same crystal structure and space group (P-3m1), were both successfully 
doped on the (M4+) tetravalent cation site with divalent (Ni2+) cations. This causes the 
intrinsic charge imbalance, which leads to anion non-stoichiometry and the creation 
of the associated anion vacancies, which could potentially give rise to sulfide-ion 
conductivity within the materials. The Hf1. XNiXS2. X (x =0-0.15) and Zrl. XNiXS2. X (x = 
0-0.15) materials were therefore taken forward for conductivity testing and 
assessment for possible application as high temperature sulfide-ion conductors. 
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CHAPTER 8 
Preparation, characterisation and structural 
oxidation studies of Bismuth based sulfide systems 
8. Preparation and characterisation of Bismuth based sulfide systems 
8.1. Attempted preparation of Bi2S3-xY2S3, (where x= 22-57 mol % Y2S; ) 
8.1.1. Introduction 
Doped bismuth oxide systems have been shown to exhibit a high degree of oxide-ion 
conductivity and have been proposed as good electrolyte materials for applications 
such as solid oxide fuel cells and oxygen sensors. Bismuth oxide and doped bismuth 
oxide systems exhibit a complex array of structures and properties depending upon 
dopant concentration, temperature and atmosphere. ' Solid solutions of doped bismuth 
oxide have been shown to exhibit a higher level of ionic conductivity than YSZ, 
which is a well-established ceramic electrolyte. Pure undoped Bi203 undergoes a 
phase transition at a temperature of 730°C to a high temperature cubic S- phase. 24 
This high temperature phase adopts the defect fluorite type structure, with highly 
disordered anions and a high concentration of intrinsic oxygen vacancies within the 
structure. 5 The addition of a Y3+ dopant into the bismuth oxide structure, allowed the 
high temperature cubic S- phase to be stabilised 6,7 and materials in the doped Bi203- 
xY2O3 oxide system with compositions of x= 25mo1% were found to stabilise the 
cubic S- phase to lower temperatures very effectively. 8 The high level of oxide-ion 
conductivity displayed by the 5- phase in the Bi203-xY2O3 oxide system, was 
attributed to the combination of the high quantity of oxygen vacancies contained 
within the defect fluorite type structure and the ability of the Bi3+ ion to accommodate 
highly disordered surroundings within the structure. 9 Takahashi et al 10.11 
demonstrated that high oxide-ion conductivity could occur in the Bi203-xY2O3 oxide 
system due to the stabilisation of the high temperature S- phase at lower 
temperatures. Solid solutions with composition x= 25mo1% displayed an ionic 
conductivity of approximately 1 Scm 1 at 730°C. 1 The aim was to prepare a solid 
solution in the analogous sulfide system with the stoichiometry Bi2S3-xY2S3 (where x 
= 25 - 57mo1%) and to investigate the phases formed. Reaction conditions in the 
oxide system varied considerably, depending on which particular phase composition 
was chosen, so a range of preparative conditions were used. 
198 
8.1.2. Experimental 
The method of synthesis for the compound Bi2S3- xY2S3 involved Bi2S3 and between 
25-57 mol% Y2S3 being combined, and ground to a particle size of < 50 gm in an 
agate pestle and mortar. The grinding of the sulfides was done in the glove box, in an 
argon atmosphere. Once the Bi2S3 and Y2S3 were combined and ground together, they 
were transferred into silica tubes. The tubes were then temporarily sealed, removed 
from the glove box and evacuated on a high vacuum line. The silica tubes were then 
weld-sealed and placed into a protective inconel tube within the tube furnace. There 
were a series of varied reaction conditions outlined in the paper to synthesise the 
various oxide phases, a total of eight sets of reaction conditions, modified from the 
oxide syntheses were attempted for the preparation of the sulfide system. The reaction 
conditions were 650°C, 800°C, 900°C, 950°C, 1050°C and 1100°C. The reaction 
vessels were heated to each of the selected temperatures at a rate of 2°C /min. The 
furnace was then allowed to dwell at each of the selected temperatures for 24 hours. 
After this time, the furnace was cooled to room temperature and the sample was 
removed, transferred to an XRD mounting disc and sealed with Mylar film. The disc 
was then transferred to the X-ray diffractometer, for PXD analysis. XRD data were 
collected in the range 25 - 110° over a period of 15 hours. Monochromatic Cu (Kot 1) 
radiation was used, and the scan was run at a step size of 0.014°. SEM data were 
collected for the sample reacted at the maximum synthesis temperature achieved 
before incongruent melting of reactants occurred. The powdered sample was mounted 
onto a 10mm diameter mounting stud and was observed using a Cambridge 
Instruments Stereo-scan 360 machine, images were produced with a scale of 20µm. 
8.1.3. Results and Discussion 
8.1.3.1. XRD Data 
XRD data showed the product samples for the attempted preparation at temperatures 
650,800,900,950 and 1050°C, contained unreacted starting compounds Bi2S3 and 
Y2S3. In the reaction syntheses attempted at 1100°C reactants melted and fused to the 
reaction vessel. The analogous oxide phase Bi203-(25mo1%)Y2O3 was formed at 
850°C, with different stoichiometries in the system being formed at lower 
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temperatures. Results showed that the sulfide system does not form an analogous 
phase under any of the reaction conditions employed. Shown in Figure 8.1.1 is the 
collected diffraction data for obtained for the Bi2S3-xY2S3 material (where x= 
25mo1%) with a summary of the various reaction conditions and corresponding 
results is shown in table 8.1.1. 
Bi2S3-(25%)Y2S3 
I 
Figure 8.1.1. XRD pattern for Bi2S3-xY2S3 (where x= 25 mol%) material, data 
referenced to assigned phases from JCPDS indexed pattern database. 13 
The maximum reaction temperature reached in the syntheses of the Bi2S3-xY2S3 
materials prior to melting of reactants was 1050°C / 24 hours. A solid solution based 
on the sulfide materials Bi2S3 and Y2S3 could not be synthesised under all preparation 
conditions used. The collected XRD data, when referenced to the JCPDS indexed 
diffraction files showed that the resultant compound was a mixture of the two reactant 
phases Bi2S3 and Y2S3. The SEM data for the samples showed small crystalline 
particles in the size range 2-51tm, mixed with larger irregular shaped crystalline 
particles of approximately 20-30µm in size, reflecting the two separate phases present 
in the sample. 
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Table 8.1.1. Summary of reaction conditions and results for Bi2S3-xY2S3 materials 
Reactant stoichiometry Temperature C Reaction time h) Results of XRD analysis 
0.75Bi2S3 + 0.25Y2S3 650 24 Unreacted Bi2S3 and Y2S3 
0.68Bi2S3 + 0.32YZS3 650 24 Unreacted Bi2S3 and Y2S3 
0.52Bi2S3 + 0.48YZS3 650 24 Unreacted Bi2S3 and Y2S3 
0.75Bi2S3 + 0.25YZS3 800 24 Unreacted Bi2S3 and Y2S3 
0.68Bi2S3 + 0.32YZS3 800 24 Unreacted Bi2S3 and Y2S3 
0.52Bi2S3 + 0.48Y2S3 800 24 Unreacted Bi2S3 and Y2S3 
0.75Bi2S3 + 0.25YZS3 900 24 Unreacted Bi, -S3 and Y2S3 
0.68Bi2S3 + 0.32Y2S3 900 24 Unreacted Bi2S3 and Y2S3 
0.52Bi2S3 + 0.48Y2S3 900 24 Unreacted Bi, S3 and Y2S3 
0.75Bi2S3 + 0.25Y2S3 950 24 Unreacted Bi2S3 and Y2S3 
0.68Bi2S3 + 0.32YZS3 950 24 Unreacted Bi2S3 and Y2S3 
0.52Bi2S3 + 0.48Y2S3 950 24 Unreacted Bi2S3 and Y2S3 
0.75Bi2S3 + 0.25Y2S3 1050 24 Unreacted Bi2S3 and Y2S3 
0.68Bi2S3 + 0.32YZS3 1050 24 Unreacted Bi2S3 and Y2S3 
0.52Bi2S3 + 0.48Y2S3 1050 24 Unreacted Bi2S3 and Y2S3 
0.75Bi2S3 + 0.25Y2S3 1100 24 Reactants melted 
0.68Bi2S3 + 0.32Y2S3 1100 24 Reactants melted 
0.52Bi2S3 + 0.48Y2S1 1100 24 Reactants melted 
In order to provide data for the dopant stoichiometry range below the (0.25 - 0.57) 
range studied in the oxide system, Bi2S3-xY2S3 materials where x=0.1 and 0.2 
samples were prepared and the results are displayed below 
Reactant stoichiometry Temperature C Reaction time (h) Results of XRD analysis 
0.9Bi2S3 + 0.1Y2S3 1000 24 Unreacted Bi, 
-, 
S3 and Y2S3 
O. 8Bi2S3 + 0.2YZS3 1000 24 Unreacted Bi2S3 and Y2S3 
0.9Bi2S3 + 0.1Y2S3 1050 24 Unreacted Bi2S3 and Y2S3 
0.8Bi2S3 + 0.2Y2S3 1050 24 Unreacted Bi2S3 and Y2S3 
8.1.3.2. SEM data 
SEM data were collected from powder samples mounted on 10mm diameter adhesive 
backed mounting studs, using a Cambridge Instruments Stereo-scan 360 machine and 
images were produced with a scale of 20µm. SEM data for the compound Bi2S3- 
xY2S3 (where x= 25 mol%) is shown in Figure 8.1.2. The left image (a) shows the 
full SEM image obtained together with scale (µm) and the image on the right (b) 
shows a 50µm magnified region of the sample particles. 
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Figure 8.1.2a. and 8.1.2b. SEM images of Bi-IS3-xY2S3 (where x= 25 mol%) 
8.1.4. Conclusions 
The oxide material Bi-2O; undergoes a phase transition at 730°C to a high temperature 
phase with a defect fluorite type structure I, and this high temperature phase has been 
stabilised by the addition of a y3' dopant into the bismuth oxide structure. `' Solid 
solutions in the oxide system Bi2O3-xY2O3 with composition x= 25mo1% displayed 
an ionic conductivity of approximately I Scm-' at 730°C. ' The aim was to prepare a 
sulfide analogue solid solution with the stoichiometry Bi2S3-xY2S3 and to investigate 
the phases formed. Various phase compositions were studied in the sulfide system 
Bi2S3-xY2S3 in the stoichiometry range x= 22 - 57mol%, however all initial XRD 
results showed no indications of reaction, with the presence of unreacted starting 
materials for all stoichiometries prepared. Bi2S3-xY2S3 materials where x=0.1 and 
0.2 samples were also prepared with no successful single phase produced. From the 
collected data it was observed that no substitutional solid solution was formed in the 
analogous sulfide system. This suggests that E3i3+ and y3- ions in the sulfide materials 
are not interchangeable in the same way as observed in the Bi20; -xY2O3 oxide 
system. For the successful formation of solid solutions it is preferable that the 
constituent compounds involved be isostructural, in the case of Y1O3 and Bi2O3 both 
readily adopt cubic fluorite structures at temperatures above 730°C and form solid 
solutions with a variety of stoichiometries. ' The sulfide material Y2S3 did not react or 
form a solid solution with Bi2S, at all temperatures and stoichiometries investigated 
up to the melting point of reactants. This suggests that the sulfide materials Y2S3 and 
Bi2S3 do not become isostructural at high temperature, in an analogous way to the 
process observed in the oxide system. 
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8.2. Structural investigation of the high temperature oxidation of Bi2S , 
14 
8.2.1. Introduction 
TPO-MS (temperature programmed oxidation mass spectrometry) studies have been 
employed in the analysis of the decomposition of various compounds in oxygen, such 
as carbon containing compounds, 15,16 sulfide containing catalysts'7 and various metal 
sulfide containing ores. 18 The technique allows the quasi in-situ investigation of the 
oxidation/reduction behaviour of compounds by monitoring the reactant/product 
profiles as a function of temperature using a mass spectrometer. That is, in the case of 
the oxidation of a sulfide, an SO2 product profile (and an 02 consumption profile) is 
observed. Nanocrystalline Bi2S3 thin film structures are currently being studied for 
the formation of novel photoelectrochemical cells. 19 Their optoelectronic properties 
are of great interest to the sensor and semiconductor industry. 20 The structure of 
bismuth sulfide has been widely studied and the compound has been found to have an 
orthorhombic unit cell with space group Pmcn 2' The compound has cell parameters 
of a=3.9811A, b= 11.147A, c= 11.305A. Bi2S3 has been combined with other 
compounds such as InP and GaAs, and the thermal oxidation of such semi-conducting 
layers has been studied by infrared and X-ray emission spectroscopy. 22 Interest in 
bismuth sulfide based systems also stems from the possibility of employing these 
compounds as sulfide-ion conducting materials (fuel cells or sensors). In this context 
it is important to establish the stability of the material against oxidation and therefore 
understand the transformation of the sulfide into the oxide. 
This study was concerned with the investigation of the process of high temperature 
oxidation of Bi2S3. The process of oxidation of Bi2S3 is thought to proceed via 
bismuth sulfide -* sulfate --ý oxy-sulfate -ý oxide, however the specific 
stoichiometries and reaction temperatures remain to be determined in an engineering 
context. A number of investigations have dealt with the different stoichiometries that 
can exist at equilibrium in the Bi-S-0 system (different constant partial pressures), 
the present contribution rather establishing the non-steady state behaviour of the 
system under one constant oxygen partial pressure. The combination of two in-situ 
techniques (TPO/R-MS and X-ray powder diffraction) was employed in this work in 
order to elucidate the dynamic oxidation mechanism of Bi2S3 and therefore show how 
powerful this methodology can be for the analysis of such systems. 
203 
8.2.2. Experimental 
Bi2S3 was obtained from STREM Chemicals UK (purity 99.99% metal basis), 
Aldrich Chemicals (99.9%) and through stoichiometric synthesis from the elements 
(99%). Argon and air were supplied by BOC and their purity exceeded 99.9 Vol. -%. 
Hydrogen was supplied via a hydrogen generator (electrolysis of water) and the purity 
exceeded 99.99 Vol. -%. The Bi2S3 was heated at a rate of 10°C /min in a 20mm i. d. 
quartz furnace. A reactor (length 300mm, inside diameter 3.8mm, thickness 2.5mm 
and volume 6ml) containing approximately 10-20mg of Bi2S3 (particle size range 38- 
52microns) was heated either in the presence of 14 Vol. -% hydrogen/argon mixture 
(45ml/min) or 6 Vol. -% of air/argon mixture (60m1/min). The gas enters and leaves 
the reactor through quarter inch Swagelock fittings with graphite ferrules producing 
air tight seals, the Bi2S3 being supported by quartz wool. The concentrations were 
selected such that the Mass Spectrometer signal was not saturated with the reactant 
gas while the flow rates were chosen in order to optimise the response of the system 
(resolution of the peaks). All gases were controlled by AALBORG 0-200mL/min 
mass flow controllers, which were calibrated using a bubble flow meter. The heating 
rate was controlled by a WEST 6400 temperature controller, the power to the furnace 
being supplied by a Wayne Kerr 0-70V, 0-60amps DC power supply. This allowed 
for precise and accurate temperature ramping. The reactant and product gases were 
monitored by a Quadruple Mass Spectrometer (Vacuum Generators). The Mass 
Spectrometer collects data in arbitrary units (a. u. ). Therefore calibrations were 
performed whereby the signal for a known flow rate of 02 was recorded for one 
minute and a correction for the background 02 concentrations was obtained. Air from 
BOC was used as the calibration gas for oxygen (21% air, 79% nitrogen). The signal 
(in a. u. -min) for the SO2 was converted into moles based on the mass and 
stoichiometry of reference compounds such as Nd2S3 and CuS, which were oxidised 
at the same heating rate. The exhaust gases were scrubbed using sodium hydroxide 
solution before being discharged into a fume cupboard, the equipment set-up diagram 
is shown in Figure 8.2.1. 
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Figure 8.2.1. Schematic diagram of temperature programmed oxidation apparatus 
The profiles of the monitored gas concentrations from the Mass Spectrometer were 
deconvoluted using non-linear regression fitting of Gaussian peaks (PEAKFIT 4.1). 
The oxidation profiles obtained from the TPO-MS experiments were used to 
designate nine temperature stages to record a series of in-situ X-ray diffraction 
patterns. Powder X-ray diffraction was performed on a Bruker D8 powder 
diffractometer, fitted with a PSI) detector using C'u Kai radiation. High quality X-ray 
data were collected across a 20 range of 10-90° over a period of 24 hours using a 20 
step size of 0.035°. In-. si/n high temperature X-ray diffraction was performed on the 
Bi2S3 sample as it was oxidised. the temperature being raised at 0.333°C/min over a 
temperature range of 27 to 1000°C. X-ray diffraction patterns were obtained over 4 
hour periods at 27,400,440,490,520,570,620,800 and 91 0°C. 
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8.2.3. Results and Discussion 
8.2.3.1. Temperature Programmed Oxidation 
Oxidation profiles were collected for Bi2S3 samples with heating rates of 10°C /min. 
All three Bi2S3 samples showed very similar S02/02 profiles, an example of the 
oxidation profile obtained for Bi2S3 is shown in Figure 8.2.2. 
TPO of Bi2S3 
7.0E-08 
6.0E-08 - 
5. OE-08 
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3.0E-08 
2.0E-08 
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400 600 800 1000 
Temperature (°C) 
02 S02 
Figure 8.2.2. TPO profile of Bi2S3 performed at 10°C/min, showing oxygen 
consumed and SO2 liberated 
Three SO2 peaks were observed with the following onset temperatures, 440°C (±3°C), 
612°C (±3°C) and 900°C (±10°C). Three peaks were also observed in the 
corresponding 02 profile, the first two peaks representing consumption reactions 
(depicted as negative peaks) while the third peak represents a liberation (positive 
peak). The concentration of 02 was apparently much higher than that of the SO2. The 
reason for this was that Mass Spectrometers always operate with some background 
oxygen present within the vacuum system (constant leak rate). The onset 
temperatures of the 02 peaks are 410°C(±30°C), 610°C(±3°C) and 905°C(±100°C). 
The onset temperature of the first and third peak was difficult to determine as this 
peak displayed a longer tail (not sharp as the second peak). The oxygen substitution 
reaction appeared to be complete at 988°C. 
Previous literature dealing with the liberation of H2S/SO2 from sulfides suggests that 
different peaks appearing in the TPO/R-MS profile may be associated with different 
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sulfur bond strengths, typical sulfur species being described as excess sulfur, 
stoichiometric sulfur and non-stoichiometric sulfur. 23 Excess sulfur is usually 
liberated at low temperature, e. g. much less than 400°C. In order to investigate 
whether the first peak seen in the TPO-MS was due to excess sulfur, temperature 
programmed reduction (TPR-MS) was carried out. In this case only one broad peak 
was observed, which exhibited an onset temperature of 504°C, similar to the onset 
temperature in the TPO-MS experiment. The reduction was complete at 904°C. These 
results clearly indicate that the first peak in the TPO could not result from the 
oxidation of excess amorphous sulfur, not detectable by XRD. Excess sulfur would 
have reacted at a much lower temperature to form H2S. 
8.2.3.2. In-situ X-rav Diffraction 
Nine temperature stages were identified during the course of the TPO-MS 
experiments where the identification of the phases during the oxidation process would 
be of interest, the obtained oxidation profile with selected diffraction positions 
indicated is shown in Figure 8.2.3. Powder X-ray diffraction was performed using a 
Bruker D8 powder diffractometer, fitted with a PSD detector using Cu Kai radiation. 
High quality X-ray data were collected across the 20 range of 10-90° over a period of 
24 hours using a 20 step size of 0.035°. In-situ high temperature X-ray diffraction was 
performed on the Bi2S3 sample as it was oxidised, with the temperature being raised 
at 0.333°C/min over a temperature range of 27 to 1000°C and X-ray diffraction 
patterns were obtained over 4 hour periods, at selected temperatures across this 
temperature range. The obtained X-ray diffraction patterns for the each of the 
designated temperature positions are shown sequentially in Figures 8.2.4 - 8.2.9. The 
XRD patterns obtained for each temperature stage were cross-referenced to the 
JCPDS powder diffraction pattern database13 and other literature sources24 26 and each 
phase assigned accordingly, Table 8.2.1. 
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Figure 8.2.3. Oxidation profile of Bi2S3 performed at 10°C/min with the designated 
in-situ powder X-ray diffraction positions indicated 
Table 8.2.1. Assigned phases obtained from powder X-ray diffraction data for each 
TPO Profile Position 
TPO profile position Temperature °C Phase 
1 27 Bismuth sulfide (Bi2S3) 24 
2 400 Bismuth sulfide (Bi-)S3) + minor ox -sulfate peaks 
3 440 Mixture of phases (Bi2S3)+ (Bi2O2SO4) 
4 490 Bismuth ox -sulfate (Bi, 803004)10)" 
5 520 Bismuth ox -sulfate (Bi28O32(SO4)10) 
6 570 Bismuth ox -sulfate (Bi28032(SO4)1o) 
7 620 Bismuth ox -sulfate (Bi28032(SO4)1o) 
8 800 Bismuth ox -sulfate Bi28032(SO4)1o) + peak shift 
9 910 Bismuth oxide )26 
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TPO Bi2S3, Mass=18.3mg, HR=1 OoC/min 
Bi2S3 exp 27C 
N 
ý_ 
Figure 8.2.4. In-situ powder XRD pattern obtained for the material Bi2S3 at 27°C 
Bi2S3 exp 400C 
Figure 8.2.5. In-situ powder XRD pattern obtained for the material Bi2S3 at 400°C 
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Figure 8.2.6. In-situ powder XRD pattern obtained for the material Bi2S3 at 570°C 
Bi2S3 exp 620C 
Figure 8.2.7. In-situ powder XRD pattern obtained for the material Bi2S3 at 620°C 
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Figure 8.2.8. In-situ powder XRD pattern obtained for the material Bi2S3 at 800°C 
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Figure 8.2.9. In-situ powder XRD pattern obtained for the material Bi2S3 at 910°C 
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The X-ray diffraction data show that complete oxidation occurs to Bi203 by the final 
heating stage. The TPO-MS profile was obtained at a heating rate of 10°C/min, while 
the XRD patterns were all obtained at a heating rate of 0.333°C/min, this difference in 
heating rate caused the onset temperature of the reflections to be shifted, with the first 
sign of oxidation appearing in the XRD patterns at 400°C, while the onset of the first 
reflection in the TPO-MS profile occurred at 520°C, this difference was predicted 
because of the different heating rate used in both experiments. The first absorption of 
oxygen in the TPO-MS profile was a very minor peak, occurring just before the first 
main peak in the profile, the corresponding reflection was seen in the XRD pattern at 
400°C as the very first emergence of non-sulfide reflections at 30° and 51° (2-theta) 
which correspond to an oxy-sulfate (Bi2O2SO4), emerging within the Bi2S3 pattern. 
The fact that the XRD-reflections do not correspond to the pattern of the sulfate 
suggests a disordered transition from the sulfide to the oxy-sulfate, as was observed in 
the pattern at 440°C rather than a smooth progression through the sulfate. The mass 
balance alone suggests a sulfate, which has been stated in the literature as the 
intermediate; 26 however a sulfate and (sulfide + oxy-sulfate) could not be 
distinguished from the mass balance alone. Hence the first relatively broad peak in 
the TPO-MS pattern corresponds to the initial structural transformation from the 
sulfide, with an orthorhombic structure, to a mixture of phases (Bi2S3)+(Bi2O2SO4) at 
440°C. This first peak was followed immediately by a sharper more intense peak, 
after which the compound was observed at 490°C to be an oxy-sulfate with the 
stoichiometry (Bi28O32(SO4)lo). As was observed from the second plateau region of 
the TPO-MS profile immediately after the second main peak, this phase was stable 
until a temperature of 800°C, at which point the XRD reflections of the oxy-sulfate 
began to shift to a higher angle 2-theta, indicating a decrease in cell parameter 
probably corresponding to a slight increase in oxygen versus sulfur content of the 
compound. The third main peak area in the TPO-MS profile represents the conversion 
of the monoclinic oxy-sulfate (Bi28032(SO4)lo) to the cubic bismuth oxide compound 
(Bi203) . 
26 At a temperature of 910°C the final in-situ XRD pattern was recorded and 
the compound had converted fully to bismuth oxide. Bi203 normally begins to melt at 
860°C, and this process was apparent by the decrease in the intensity of the XRD 
patterns as the sample approaches this temperature. However the Bi203 within the 
sample vessel remained crystalline for a sufficient time to produce an XRD pattern. 
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8.2.4. Conclusions 
TPO-MS data show that Bi2S3 has moderately good oxygen stability, being stable in 
the sulfide form up to a temperature of around 440°C, at which point it begins to 
oxidise. Based on overall and individual molar balances Bi2S3 undergoes a three step 
oxidation process to form Bi203 during which sulfate intermediates (Bi202(SO4) and 
Bi28S10O72) are produced. The proposed sulfate intermediates are consistent with 
suggestions from literature (re. stoichiometry) and corresponding X-ray diffraction 
patterns. Molar balances alone can not infer which intermediate compounds are 
formed during the solid state transformation of Bi2S3, however the combination of 
TPO-MS and XRD proves to be a powerful tool in detailing the reaction mechanisms 
of the dynamic oxidation process: 
Bismuth sulfide (Bi2S3), orthorhombic reacts at 440°C to form a mixture of bismuth 
sulfide and bismuth oxy-sulfate (Bi2S3) + (Bi2O2SO4). This mixture reacts at 612°C to 
form bismuth oxy-sulfate (Bi28032(SO4)lo), monoclinic. At 800°C further oxidation 
occurs to finally yield bismuth oxide (Bi203), cubic. 
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CHAPTER 9 
Preparation and characterisation of a series of 
doped AB 1_XMXS3_x/2 type sulfide systems 
(where A= Ca, Sr, Ba, Pb) (B = Ti, Ta, Zr, Hf) and 
(M= Ga, In, Y) and (x=0-0.2) 
9. Preparation and characterisation of doped ABS3 sulfide systems 
9.1. AB1_XM$S 
_Xn 
(where A= Ca, Sr, Ba, Pb, B= Ti, Zr, Hf and M= Ga, In, Y) 
and (x=0-0.2) 
9.1.1. Introduction 
The perovskite structure, as discussed previously possesses a high degree of 
compositional flexibility and materials which adopt this structure are able to tolerate a 
wide variety of cations on both A and B sites, together with significant anion non- 
stoichiometry / deficiency within the structure. There has been a multitude of work 
produced on the oxide-ion conduction of doped perovskite oxide phases, some doped 
phases of note include, BaCej.,, Gdx03_x/2,1 BaCe1. XNbx03_x/2,2 BaCei. XDyXO3_x/2,3 
PbNb1. XMgx03-d, 
4 PbZri. XTiXO3,5 (Fe 
3+ and Cri+) ion substituted Laa95Sro. o5GaO3. d, 6 
Lao. 9sSro. o5AlO3_d 
7 and SrZrl-xDyx03. x/2.8 Where doping occurs on both A and B sites 
in the lattice, and doped perovskite oxide materials such as Lal.,, SrxGa1. XMgx03 and 
Ba(Ce1. XGdx)O3_, d2 can display conductivities of > 0.1 S/cm at 1000°C in air 
9°10 and 
are frequently used in solid oxide fuel cell applications. 11,12 The aim of this work has 
been to prepare a series of perovskite type sulfides of the form ABS3 (where A= Ca, 
Sr, Ba, Pb and B= Ti, Zr, Hf) and to dope the tetravalent B site in each material of 
the sulfide series with trivalent metal cations, in order to produce non-stoichiometric 
perovskite type materials of the form AB 1. XMXS3., J2 (where M= Ga, In, Y) and (x =0 
- 0.2). The dopant levels of each of the materials were increased until the maximum 
solution limit, where the dopant phase appeared as an impurity within the XRD 
pattern. 
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9.1.2. Experimental 
The AB1_XMXS3_, i2 materials were prepared by the direct combination of AS, BS2 
(where A= Ca, Sr, Ba, Pb and B= Ti, Zr, Hf) and various amounts of M2S3 dopants 
(where M= Ga, Y) in the correct molar proportions, to produce a series of doped 
ABS3 perovskite type sulfide compounds each with incrementally increasing dopant 
quantities, the level of which was individually assessed and applied based on the 
phase analysis for each compound. The prepared reaction mixtures were finely 
ground with a pestle and mortar under argon in the glove box and were transferred 
into silica tubes, which were then evacuated on a high vacuum line and weld-sealed. 
Reaction vessels for all AB1_XMXS3_, 2 materials were heated to 1050°C at a rate of 1°C 
/min, where the furnace was allowed to dwell for a period of 24 hours. Initial phase 
determinations were obtained from XRD data in the range 25 - 65 ° collected over a 
period of 1 hour. Refinement quality XRD data were collected across the range 25 - 
I10° over a period of 15 hours. Monochromatic Cu (Ka l) radiation was used and 
scans were run with a step size of 0.014°. SEM data were collected for successfully 
produced AB1_XMXS3_, i2 materials and powdered samples were mounted onto l0mm 
diameter mounting stubs, data were collected using a Cambridge Instruments Stereo- 
scan 360 machine, producing a range of images with typical scales of 20µm. UV/Vis 
spectra were collected for each of the doped materials and used to investigate and 
compare changes in colour and visible range absorption spectra due to the presence / 
quantity of the various trivalent cation dopants. Colour measurements and visible 
absorption data were collected for sulfide samples using a Perkin-Elmer Lambda 35 
UV/Vis spectrometer, with a titanium dioxide blank standard. Absorption data were 
collected across range 400-800nm, with data intervals of lnm and a scan speed of 
240nm/min. Data were plotted as wavelength vs percentage relative absorption and 
analysed using the UV Winlab software. 
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9.1.3. Results and Discussion 
9.1.3.1. XRD Data 
The XRD data collected for the barium based BaB1. XMXS3., j2 sulfide materials showed 
successful synthesis of a range of the doped phases, including BaTil. XGaXS3., j2 (where 
x=0-0.15), which crystallised with the hexagonal space group P63/mmc with 
approximate cell parameters: a=6.75A, c=5.82A and a= 90°, ß= 90°, 7= 120°. 
The XRD data collected for the BaTi1. XGaXS3., a compounds are shown with 
increasing gallium content in figures 9.1,9.2 and 9.3. 
BaTiS3-Ga(1) 
3 
Figure 9.1. Powder XRD pattern obtained for BaTii.,, Ga,, S3_, j2 (where x=0.10) 
sample material with data referenced to relevant JCPDS13 file 
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Figure 9.2. Powder XRD pattern obtained for BaTil_XGa,, S3_, j2 (where x=0.15) 
BaTiS3-Ga(3) 
1 
Figure 9.3. Powder XRD pattern obtained for BaTi1. XGaXS3., j2 (where x=0.20) 
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It can be seen from the XRD data in figure 9.3, that a gallium containing impurity 
phase has expressed in the diffraction pattern for this sample and the experiment was 
repeated with the same result, indicating that the effective dopant limit for gallium 
within the BaTii.,, GaXS3_, j2 system is at x=0.15. 
The XRD data collected for the barium tantalum BaTa1. XYXS3. V2 sulfide materials 
showed successful synthesis of doped phases in the range (x =0-0.15), which also 
crystallised with the hexagonal space group P63/mmc and with approximate cell 
parameters: a=6.85A, c=5.74A and a= 900, ß= 90°, y= 120°. The XRD data 
collected for the BaTai. XYXS3., j2 compounds are shown with increasing yttrium 
content in figures 9.4,9.5,9.6 and 9.7. 
BaTaS3-Y(1) 
Figure 9.4. Powder XRD pattern obtained for BaTai. XYXS3_, a (where x=0.10) 
sample material with data referenced to relevant JCPDS file 
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Figure 9.5. Powder XRD pattern obtained for BaTa1. XYXS3. x/2 (where x=0.15) 
BaTaS3-Y(3) 
N 
C 
ý_ 
C 
Figure 9.6. Powder XRD pattern obtained for BaTai_XYXS3_, 2 (where x=0.20) 
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Figure 9.7. Powder XRD pattern obtained for BaTal_XYXS3., j2 (where x=0.25) 
sample with data referenced to relevant JCPDS files 
It can be seen from the XRD data in figure 9.7, that the Y2S3 dopant phase in this 
case, has been observed as an impurity in the diffraction pattern for this sample and 
the experiment was again repeated with the same result, indicating that the dopant 
limit for yttrium within the BaTai_XYXS3_, j2 system is at (x = 0.20). 
The XRD data collected for indium doped barium zirconium BaZrt, InXS3_xn materials 
showed successful synthesis of doped phases in the range (x =0-0.15), the phases 
crystallised with the orthorhombic space group Prima with approximate cell 
parameters: a=7.06A, b=9.98A, c=7.02A. The XRD data collected for the BaZr1_ 
,, InXS3_, compounds are shown with increasing indium content in figures 9.8,9.9 and 
9.10. 
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Figure 9.8. Powder XRD pattern obtained for BaZrl_XIn,, S3., j2 (where x=0.10) 
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Figure 9.9. Powder XRD pattern obtained for BaZr1.,, In. S3_, (where x=0.15) 
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Figure 9.10. Powder XRD pattern obtained for BaZrl. XIn., S3_, j2 (where x=0.20) 
sample with data referenced to relevant JCPDS files 
It can be seen from the XRD data in figure 9.10, that beyond (x = 0.15) the integrity 
of the orthorhombic BaZrS3 structure is degraded and the system forms a set of 
Ba4Zr3S1o and BaIn2S4 impurity phases, which were observed in the diffraction 
pattern for this sample and the experiments were repeated with the same results, 
which indicates that in this case the dopant limit for indium within the BaZrl_XInXS3_, 2 
system is at (x = 0.15). 
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The XRD data collected for the barium hafnium BaHfl.,, In,, S3., j2 sulfide materials 
showed successful synthesis of doped phases in the range (x =0-0.20), the phases 
crystallised with the orthorhombic space group Pnma with approximate cell 
parameters: a=7.00A, b=9.91A, c=6.99A. The XRD data collected for the BaHfl. 
,, In,, S3- ,2 compounds are shown with increasing yttrium content in figures 9.11,9.12, 
9.13 and 9.14. 
BaHfS3-In(1) 
J 
Figure 9.11. Powder XRD pattern obtained for BaHfi.,, In,, S3., j2 (where x=0.10) 
sample material with data referenced to relevant JCPDS file 
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Figure 9.13. Powder XRD pattern obtained for BaHfl_,, In,, S3_, d2 (where x=0.20) 
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Figure 9.14. Powder XRD pattern obtained for BaHfl, In,, S3_, j2 (where x=0.25) 
sample with data referenced to relevant JCPDS files 
It can be seen from the XRD data in figure 9.14, that the In2S3 dopant phase in this 
case has been observed as an impurity in the diffraction pattern for this sample and 
the experiment was again repeated with the same result, this indicates that the dopant 
limit for indium within the BaHfl_,, In,, S3_, j2 system is at (x = 0.20). 
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Collected XRD data for the calcium based CaB1. XMXS3., j, (where B= Ti, Zr, Hf and 
M= Ga, Y) material syntheses were carried out at 1000°C, 1050°C and 1100°C. 
Results are shown below in figures 9.15 - 9.17, with a summary of the various 
reaction conditions and corresponding results shown in table 9.1. The collected XRD 
phase analysis data for the CaB1. XMXS3., d2 materials showed that in the case of the 
CaZrl. XYXS3_, J2 samples, the phases present in the products were CaZrS3, ZrS2 and 
YS. Whereas the titanium and hafnium products showed the presence of unreacted 
starting materials CaS, TiS2 and HfS2 together with small quantities of the unreacted 
dopant phases Ga2S3 and YS respectively. 
CaTiS3-Ga 
J 
Figure 9.15. Powder X-ray diffraction pattern obtained for the CaTii_XGa,, S3_, j, 
sample material with data referenced to relevant JCPDS files for the 
constituent sulfides 
227 
aasaaanaawaanaaanaoaonrowaaaaaas. aoa o" a 
2-Them -Sala 
&iTiS3. -Ra C. T G. av-1 a 2Mfhlotlad-Sat 2500)'-Enn64i68'- Bap 00116-Stptm 21 "-T. np.. 20'C-T 1sftmted Y"-2-Tb. 25.000'-Thee 12500'-CH Q00"-Flt 000". X0 
c $4ID B. tlyaxx110W, 1A00 It 
[u: OD'OO (0. O l$t* Mn"CNS"r 5000%-dxb/ 1.. W 1 5108-Cubc. 
(q-TRaunSu"-TISt-r 3000%-dxhy 1. -Ml 1544 -Ibxvo - 
" 1432( -GMImSmd. -o. a9-r e00%-dxby t . VL 16e0e-MxwarYC- 
CaZrS3-Y 
Figure 9.16. Powder X-ray diffraction pattern obtained for CaZri. XYXS3., J2 sample 
CaHfS3-Y 
Figure 9.17. Powder X-ray diffraction pattern obtained for CaHfl_XYXS3_, a sample 
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iý, Table 9.1. Summary of reaction conditions and results for CaBI_XMXS3_, /2 samples. 
I Target Phase Temperature (C) Reaction time (hr) Results o XRD phase analysis 
CäTii. XGaxS3., j2 1000 24 Unreacted CaS, TiS2 and Ga2S3 
CaTi1, Ga, S3., J2 1050 24 Unreacted CaS, TiS2 and Ga2S3 
C'aTi1., Ga, S3. xrI 1100 24 Unreacted CaS, TiS2 and Ga2S3 
CaZr1. xYxS3., j 1000 24 Phases present = CaZrS3, ZrS2 and YS 
CaZr1. xYXS3., j2 1050 24 Phases present = CaZrS3, ZrS2 and YS 
CaZr1, Y,, S3., 1100 24 Phases present = CaZrS3, ZrS2 and YS 
CaHfI., Y, S3., d2 1000 24 Unreacted CaS, HfS2 and YS 
CaHf1. xYxS3., 1050 24 Unreacted CaS, HfS2 and YS 
CaHfi_RY, S,.,, 2 1100 24 Unreacted CaS, HfS2 and YS 
The maximum reaction temperature reached in the syntheses without reactant 
compounds melting and destroying the silica reaction vessels was 1100°C / 24 hours. 
Syntheses at 1000,1050 and 1100°C for each formula and stoichiometry all produced 
powders with a similar dark dull brown colour and appearance, with the exception of 
the CaZri_XYXS3_, j2 samples, which had a more red-brown colouration due to the 
. presence of CaZrS3. 
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Cpllected XRD data for the strontium based SrBI_XMXS3_, j2 (where B= Ti, Zr, Hf and 
II 
M= Ga, Y) material syntheses, similarly to the method for the calcium samples, were 
carried out at 1050°C, 1100°C and 1150°C. Results are shown below in figures 9.18 - 
9.20, with a summary of the various reaction conditions and corresponding results 
shown in table 9.2. 
The collected XRD phase analysis data for the SrBI.,, MXS3. W2 materials showed that in 
the case of the SrZri. XYXS3., i2 samples, the phases present in the products were 
unreacted SrS, ZrS2 and Y2S3, whereas conversely to the calcium samples, in the 
titanium and hafnium products the XRD data showed the presence of SrTiS3, SrS, 
TiS2, HIS2 and dopant phases Ga2S3 and Y2S3 respectively. 
SrTiS3-Ga 
5 
Figure 9.18. Powder X-ray diffraction pattern obtained for the SrTil. XGa,, S3_, j2 
sample material with data referenced to relevant JCPDS files for the 
constituent sulfides 
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SrZrS3-Y 
Figure 9.19. Powder X-ray diffraction pattern obtained for SrZr1. XYXS3_, j2 sample 
SrHfS3-Y 
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Figure 9.20. Powder X-ray diffraction pattern obtained for SrHf1. XYXS3_xa sample 
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Table 9.2. Summary of reaction conditions and results for SrBi. XMXS3_, j2 samples. 
Target Phase Temperature (C) Reaction time hr) Results of XRD phase analysis 
SrTii, Ga, S3_, n 1000 24 Phases present = SrTiS3, SrS, TiS2 and Ga2S3 
SrTi1_,, Ga,, S3_, /2 1050 24 Phases present = SrTiS3, SrS, TiS2 and Ga2S3 
SrTi1_,, Ga, S3_ , '2 1100 1 24 Phases present = SrTiS3, SrS, TiS2 and Ga2S3 
SrZrl, y,, S3.,, 12 1000 24 Unreacted SrS, ZrS2 and Y2S3 
SrZr,, YXS3_, J2 1050 24 Unreacted SrS, ZrS2 and Y2S3 
SrZr1_XYXS3_x/2 1100 24 Unreacted SrS, ZrS2 and Y2S3 
SrHff_XYxS3_, n 1000 24 Phases present = SrHfS3, SrS, HfS2 and Y2S3 
SrHff_XYxS3_, /2 1050 24 Phases present = SrHfS3, SrS, HfS2 and Y2S3 
SrHff_; YxS3_, Z 1100 24 Phases present = SrHfS. j, SrS, HfS2 and Y2S1 
The maximum reaction temperature reached in the syntheses without reactant 
compounds melting and destroying the silica reaction vessels was 1100°C / 24 hours. 
Syntheses at 1000,1050 and 1100°C for each formula, produced titanium and 
hafnium containing samples with dark grey-brown and dark brown coloured powders 
respectively and the zirconium containing samples which had a dull dark grey 
colouration. 
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Collected XRD data for the lead based PbB1. XMXS3., 2 (where B= Ti, Zr, Hf and M= 
Ga, Y) material syntheses, similarly to the method for the calcium and strontium 
samples, were carried out at 1050°C, 1100°C and 1150°C. Results are shown below in 
figures 9.21 - 9.23, with a summary of the various reaction conditions and 
corresponding results shown in table 9.3. The collected XRD phase analysis data for 
the PbBi. XMXS3., j2 materials showed in all cases the presence of PbTiS3. PbZrS3 and 
PbHfS3 combined with unreacted starting materials PbS, TiS2 and small quantities of 
unreacted dopant phases Ga2S3 and Y2S3 respectively. 
PbTiS3-Ga 
Figure 9.21. Powder X-ray diffraction pattern obtained for the PbTit.,, GaXS3. i2 
sample material with data referenced to relevant JCPDS files for the 
constituent sulfides 
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Figure 9.22. Powder X-ray diffraction pattern obtained for PbZri_XYXS3_xn sample 
PbHfS3-Y 
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Figure 9.23. Powder X-ray diffraction pattern obtained for PbHfl_XYXS3_, J2 sample 
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Table 9.3. Summary of reaction conditions and results for PbBI_XMXS3_, J2 samples. 
Target Phase Temperature (C) Reaction time (hr) Results of XRD phase analysis 
PbTi1_,, Ga, S3_, j2 1000 24 Phases present = PbTiS3, PbS, TiS2 and Ga2S3 
PbTi1, Ga, S3_, /2 1050 24 Phases present = PbTiS3, PbS, TiS2 and Ga2S3 
PbTil_,, GaxS3_, /2 1100 24 Phases present = PbTiS3, PbS, TiS2 and Ga2S3 
PbZri_xYxS3_, /2 1000 24 Phases present = PbZrS3, PbS and Y2S3 
PbZr1_xY,, S3_x/2 1050 24 Phases present = PbZrS3, PbS and Y2S3 
PbZr1_XYxS3_xr2 1100 24 Phases present = PbZrS3, PbS and Y2S3 
PbHfi_XYXS3_, /2 1000 24 Phases present = PbHfS3 and Y2S3 
PbHf1_XYXS3_, /2 1050 24 Phases present = PbHfS3 and Y2S3 
PbHf1_, Y, S1_, 12 1100 24 Phases present = PbHfS3 and YZS, 
The maximum reaction temperature reached in the syntheses without reactant 
compounds melting and destroying the silica reaction vessels was 1100°C / 24 hours. 
The syntheses carried out at 1000,1050 and 1100°C all resulted in crystalline 
products with a similar dark grey-brown colour and appearance, with the exception of 
the titanium containing sample which appeared as a grey-black crystalline powder of 
similar general appearance to the other two samples. 
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9.1.3.2. Structure refinement 
Table 9.4. Refined Atomic Parameters for BaTiI_XGa,, S3_x/2 materials (x = 0-0.15) 
(e. s. d. 's are given in parenthesis) 
X= 0.10 0.15 
Crystal system Hexagonal Hexagonal 
Space group P63/mmc P63/mmc 
Refined cell parameter a (ä 6.7513(3) 6.7492(1) 
Refined cell parameter c d) 5.8177(2) 5.8379(1) 
Cell constant a 90° 90° 
Cell constant 900 90° 
Cell constant y 120° 120° 
Sx 0.1658(5) 0.1561(4) 
S 0.3317(1) 0.3121(7) 
S (z) 0.250000 0.250000 
Ba (x) 0.3333 0.3333 
Ba 0.6667 0.6667 
Ba (z) 0.7500 0.7500 
Ti, Ga, (x, y, z) (shared site) 0.00000 0.00000 
S'- occu anc 0.97(1) 0.95(l) 
Ba occupancy 1.000 1.000 
Ti + occupancy 0.90(1) 0.85(1) 
Ga"occupancy 0.10(1) 0.15(l) 
U15O S 0.0219(l) 0.0131(1) 
Ui,,, Ba 0.0193(6) 0.0189(1) 
Ui,,, (Ti, Ga) 0.0063(2) 0.0148(2) 
R 0.0561 0.0611 
2.481 6.504 
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Table 9.5. Refined Atomic Parameters for BaTai.. YXS3_, j2 materials (x = 0-0.20) 
(e. s. d. 's are given in parenthesis) 
X= 0.10 0.15 0.20 
Crystal system Hexagonal Hexagonal Hexagonal 
Space group P63/mmc P63/mmc P63/mmc 
Refined cell parameter a () 6.8458(2) 6.8430(3) 6.8519(1) 
Refined cell parameter c ,d 5.7386(2) 5.7489(3) 5.7580(1) 
Cell constant a 900 90° 90° 
Cell constant 90° 90° 900 
Cell constant y 120° 120° 120° 
S (x) 0.1697(4) 0.1691(4) 0.1683(4) 
S( 0.3395(8) 0.3381(8) 0.3366(8) 
S (z) 0.250000 0.250000 0.250000 
Ba (x) 0.3333 0.3333 0.3333 
Ba (y) 0.6667 0.6667 0.6667 
Ba (z) 0.7500 0.7500 0.75 
Ta, Y, (x, y, z) (shared site) 0.00000 0.00000 0.00000 
S'-occupancy 0.98(1) 0.95(1) 0.91(1) 
Ba + occupancy 1.000 1.000 1.000 
Ta"occupancy 0.90(1) 0.85(1) 0.80(1) 
Y 1. occupancy 0.10(1) 0.15(1) 0.20(1) 
U1ý. (S 0.0141(9) 0.0211(1) 0.0143(8) 
U150 (Ba) 0.0252(6) 0.0283(7) 0.0144(6) 
U; S0 (Ta, Y) 0.0205(5) 0.0302(6) 0.0182(5) 
R 0.0853 0.0908 0.0716 
4.846 14.26 8.123 
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Table 9.6. Refined Atomic Parameters for BaZrl_,, InXS3_, j2 materials (x = 0-0.15) 
(e. s. d. 's are given in parenthesis) 
X= 0.10 0.15 
Crystal system Orthorhombic Orthorhombic 
Space group Pnma Pnma 
Refined cell parameter a (ff 7.0576(4) 7.0667(7) 
Refined cell parameter b (A) 9.9787(6) 9.9922(9) 
Refined cell parameter c (A 7.0212(5) 7.0330(7) 
SI (x 0.0064(1) 0.0068(1) 
SI 0.250000 0.250000 
SI (z 0.5598(2) 0.5632(2) 
S2 (x 0.2139(1) 0.2102(1) 
S2 ( 0.0288(7) 0.0296(8) 
S2z 0.7834(l) 0.7893(1) 
Ba (x) 0.0375(3) 0.0362(3) 
Ba 0.250000 0.250000 
Ba (z) 0.0073(6) 0.0036(8) 
Zr, In, (x) shared site 0.000000 0.000000 
Zr, In, (y) shared site) 0.000000 0.000000 
Zr, In, (z) shared site) 0.500000 0.500000 
Total S2- occupancy 0.98(1) 0.95(l) 
Ba occupancy 1.0000 1.0000 
Zr+occupancy 0.90(1) 0.85(1) 
In+occu anc 0.10(1) 0.15(1) 
U, Si 0.0068(2) 0.0162(4 
U; so SZ) 0.0068(2) 0.0133(2) 
U; s0 (Ba) 0.0139(7) 0.0367(9) 
Uiso r, In) 0.0027(8) 0.0228(1) 
R 0.0618 0.0879 
3.049 12.41 
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Table 9.7. Refined Atomic Parameters for BaHfl_,, In,, S3_, j2 materials (x = 0-0.20) 
(e. s. d. 's are given in parenthesis) 
X= 0.10 0.15 0.20 
Crystal system Orthorhombic Orthorhombic Orthorhombic 
Space group Pnma Pnma Pnma 
Refined cell parameter a (, d) 7.0005(3) 7.0078(5) 7.0177(l) 
Refined cell parameter b ,4 9.9099(3) 
9.9174(6) 9.9301(2) 
Refined cell arameter c (A) 6.9874(3) 7.0057(6) 7.0158(1) 
S, x 0.0015(1) 0.0018(1) 0.0034(l) 
SI () 0.250000 0.250000 0.250000 
SI (z) 0.5426(2) 0.5335(2) 0.5279(3) 
S2 x 0.2095(2) 0.1955(4) 0.2053(3) 
S2( 0.0302(l) 0.0079(2) 0.0143(1) 
S2 (z) 0.7923(2) 0.7924(3) 0.7914(3) 
Ba (x) 0.0345(3) 0.0320(4) 0.0326(2) 
Ba ( 0.250000 0.250000 0.250000 
Ba (z) 0.0064(1) 0.0179(9) 0.0172(7) 
Hf, In, (x) shared site) 0.000000 0.000000 0.000000 
Hf, In, (shared site) 0.000000 0.000000 0.000000 
Hf, In, (z) shared site 0.500000 0.500000 0.500000 
S2 "occu anc 0.97(l) 0.94(1) 0.90(1) 
Ba + occupancy 1.0000 1.0000 1.0000 
H+ occupancy 0.90(1) 0.85(1) 0.80(1) 
In + occupancy 0.10(1 0.15(l) 0.20(1) 
U150 Sd 0.0067(3) 0.0152(3) 0.0178(1) 
U10 S2) 0.0168(3) 0.0184(5) 0.0145(2 
U10 , (Ba) 0.0081(6) 
0.0288(8) 0.0097(5) 
U15O H, In) 0.0065(3) 0.0196(5) 0.0126(3 
R 0.0646 0.0788 0.0747 
3.089 10.78 10.01 
Full Rietveld profile refinements were carried out on all materials in the BaBI. XMXS3. 
, U2 series and initial stages of refinement included profile parameters such as 
background, scale factor and cell parameters. Atomic positions were then refined 
together with temperature factors and peak shape parameters. For sulfur vacancy 
refinement in the BaZr1.,, InXS3_, J2 and BaHfi.,, In,, S3_, j2 materials with dual sulfur sites, 
vacancies were distributed evenly between the two sulfur sites. The refinement 
profiles obtained for BaTil.,, GaXS3_V2 materials (where x=0-0.15), BaTaj. XYXS3_, d2 
materials (where x=0-0.20), BaZr1.,, InXS3_, J2 materials (where x=0-0.15) and 
BaHfi, InXS3. x/2 materials (where x=0-0.20) are shown in Figures (9.24 - 
9.25), 
(9.26 - 9.28), (9.29 - 9.30) and (9.31 - 9.33) respectively. 
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Figure 9.24. Refinement profile for BaTil.,, Ga,, S3., j2 (where x=0.10) (upper solid 
line represents observed data and the upper crossed line the calculated 
pattern, the lower solid line represents the fit) 
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Figure 9.25. Refinement profile for BaTil.,, GaS3., j2 (where x=0.15) (upper solid 
line represents observed data and the upper crossed line the calculated 
pattern, the lower solid line represents the fit) 
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Figure 9.26. Refinement profile for BaTal_XYXS3_, j2 (where x=0.10) (upper solid 
line represents observed data and the upper crossed line the calculated 
pattern, the lower solid line represents the fit) 
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Figure 9.27. Refinement Profile for BaTa1. XYXS3_2 (where x=0.15) (upper solid 
line represents observed data and the upper crossed line the calculated 
pattern, the lower solid line represents the fit) 
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Figure 9.28. Refinement profile for BaTal_XYXS3_, j2 (where x=0.20) (upper solid 
line represents observed data and the upper crossed line the calculated 
pattern, the lower solid line represents the fit) 
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Figure 9.29. Refinement profile for BaZri.,, InXS3_xn (where x=0.10) (upper solid 
line represents observed data and the upper crossed line the calculated 
pattern, the lower solid line represents the fit) 
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Figure 9.30. Refinement profile for BaZrl_,, InXS3_, j2 (where x=0.15) (upper solid 
line represents observed data and the upper crossed line the calculated 
pattern, the lower solid line represents the fit) 
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Figure 9.31. Refinement profile for BaHfl. XIn,, S3_, j2 (where x=0.10) (upper solid 
line represents observed data and the upper crossed line the calculated 
pattern, the lower solid line represents the fit) 
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Figure 9.32. Refinement profile for BaHfl_XIn,, S3_, J2 (where x=0.15) (upper solid 
line represents observed data and the upper crossed line the calculated 
pattern, the lower solid line represents the fit) 
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Figure 9.33. Refinement profile for BaHfl_,, InXS3_xn (where x=0.20) (upper solid 
line represents observed data and the upper crossed line the calculated 
pattern, the lower solid line represents the fit) 
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9.1.3.3. Structural and bond valence data 
Table 9.8. Derived bond lengths for BaTi1.,, Ga. S3., j2 (where x=0-0.15) (Ä) 
(e. s. d. 's are given in parenthesis) 
X= 0.10 0.15 
Bond length Ba-S 3.507(4) 3.5799 24 
3.37534(15) 3.37692(16) 
Bond length Ti/Ga-S 2.424(5) 2.3363(32) 
Table 9.9. Derived bond lengths for BaTal_XYXS3_iJ2 (where x=0-0.20) (A) 
(e. s. d. 's are given in parenthesis) 
X= 0.10 0.15 0.20 
Bond length Ba-S 3.4636(27) 3.4719(26) 3.4823(26) 
3.42308(10) 3.42196(17) 3.4257(6) 
Bond length Ta/Y-S 2.472(4) 2.466(4) 2.462(4) 
Table 9.10. Derived bond lengths for BaZri., InXS3., n (where x=0-0.15) (A) 
X= 0.10 0.15 
3.157(12) 3.112 14 
Bond length Ba - SI 3.892 12) 3.866(9) 
3.253(8) 3.263(9) 
3.422(9) 3.405(9) 
Bond length Ba - S2 3.430(8) 3.478(9) 
3.190(7) 3.163(8) 
Bond length Zr/In - SI 2.5302(18) 2.5377(22) 
Bond length (Zr /In) - S2 2.514(9) 2.536 10) 
2.544(9) 2.545(10) 
Table 9.11. Derived bond lengths for BaHfi_, In, S3., j2 (where x=0-0.15) (tý) 
X= 0.10 0.15 0.20 
3.251 18) 3.287(8) 3.271(8) 
Bond length Ba - SI 3.768(9) 3.758(9) 3.775(8) 
3.266(9) 3.402(23) 3.442(26) 
3.384(11) 3.284(19) 3.282(13) 
Bond length Ba - S2 3.456 12) 3.763 21) 3.681(13) 
3.105(10) 3.100(23) 3.188(14) 
Bond length H/ In - SI 2.4953(16) 2.462(34) 2.4903 18) 
Bond length (Hf/In) - S2 2.532(16) 2.59(4) 2.538(26) 
2.516(16) 2.4904(17) 2.505(26) 
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Table 9.12. Derived bond angles for BaTiI_XGa,, S3_xn materials (where x=0-0.15) 
BaTii_XGa%S3_x12 compound stoichiometry (x) 
S-M-S 0.10 0.15 
Angles e. s. d. 's are given in parenthesis 
179.661(1) 175.78(14) 
61.02(11) 64.21(14) 
S1 - Bal - S1 118.87(4) 119.990(1) 
57.85(14) 55.79(14) 
90.08(6) 90.09(6) 
Sl- (Ti / Ga) -Sl 92.29(13) 94.90(9) 
87.71(13) 85.10(9) 
179.972(0) 179.980(0) 
Table 9.13. Derived bond angles for BaTa1. XYXS3_, j2 materials (where x=0-0.15) 
BaTal_, YxS3_xn compound stoichiometry (x) 
S-M-S 0.10 0.15 0.20 
Angles e. s. d. 's are given in arenthesis 
178.78(16) 179.04(15) 179.354(2) 
61.21(16) 61.09(8) 60.95(7) 
S- Ba -S 119.215(29) 119.204(27) 119.254(27) 
58.03(11) 58.11(10) 58.31(10) 
89.66(4) 89.74(4) 89.82(4) 
90.31(9) 90.54(9) 90.74(9) 
S- (Ta/Y) -S 89.69(9) 89.46(9) 89.26(9) 
180.000(0) 180.000(0) 180.000(0) 
Table 9.14. Derived bond angles for BaZr1, In,, S3_, j2 materials (where x=0-0.15) 
BaZr1_xlnxS3. x12 Compound stoichiometry 
(x) 
S-M-S 0.10 0.15 
Angles e. s. d. 's are given in parenthesis 
Si -Ba-S1 87.32(21) 87.31(25) 
113.82(19) 113.87(21) 
SI -Ba-S2 64.82(18) 64.74(24) 
65.14(16) 66.08(18) 
108.44(25) 110.30(28) 
S2 - Ba - S2 81.48(21) 80.29(23) 
166.96(14) 166.96(16) 
87.53(31) 88.26(33) 
Si - (Zr / In) - Si 180.000(0) 179.972(0) 
90.44(31) 90.8(4) 
SI- (Zr / In) - S2 89.56(31) 89.2(4) 
89.89(30) 89.8(4) 
90.54(6) 90.54(8) 
S2 - (Zr / In) - S2 180.000(0) 179.966(0) 
89.46(6) 89.46(8) 
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Table 9.15. Derived bond angles for BaHfi. XIn,, S3., j2 materials (where x=0-0.15) 
(e. s. d. 's are given in parenthesis) 
BaHf1_xln, S3_, rn compound stoichiometry (x) 
S-M-S 0.10 0.15 0.20 
Angles e. s. d. 's are given in arenthesis 
S1 -Ba-S1 88.43(25) 87.70(24) 88.67(31) 
114.14(29) 115.3(6) 116.6(4) 
S1-Ba-S2 62.93(31) 59.1(5) 58.8(4) 
66.02(27) 71.4(6) 70.3(4) 
110.3(4) 111.2(6) 110.8(4) 
S2 - Ba - S2 78.1(4) 77.3(4) 79.03(30) 
167.21 19) 170.9(5) 169.68(32) 
89.1(5) 94.0(7) 91.0(5) 
Si - Hf/Ni - Sl 179.980(0) 180.000(0) 180.000(0) 
92.6(4) 96.5(6) 97.3(4) 
Si - Hf Ni - S2 87.4(4) 85.5(6) 84.7(4) 
91.4(4) 94.5(6) 95.3(4) 
90.64(12) 90.60(31) 90.30(21) 
S2 - Hf/Ni - S2 179.966(0) 180.000(0) 180.000(0) 
89.36(12) 89.40(31) 89.70(21) 
Table 9.16. Bond valence data for BaTil_,, Ga,, S3_, j2 (where x=0-0.15) 
Compound Metal ion Bond valence value 
Ba ` 2.0(1) 
BaTii, GaXS3., /2 (x = 0.10) Ti + 3.7(1) 
Ga + 2.8(1) 
Ba + 1.9(1) 
BaTil_XGa. S3. x/2 (x = 0.15) Ti + 4.3(1) 
Ga + 3.1(1) 
Table 9.17. Bond valence data for BaTat. XYXS3_xn (where x=0-0.20) 
Compound Metal ion Bond valence value 
Ba + 2.0(1) 
BaTai. XYXS3_, j2 (x = 0.10) Ta + 4.1(1) 
Y+ 3.0(1) 
Ba + 1.9(1) 
BaTat_XYxS3_, /2 (x = 0.15) Ta + 4.2(1) 
Y+ 3.0(1 
Ba + 1.9(1) 
BaTai_xYXS3_, 2 (x = 0.20) Ta + 4.3(1) 
Y+ 3.0(1) 
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Table 9.18. Bond valence data for 13aZri_yInyS3_y/2 (where x=0-0.1 5) 
Compound Metal ion Bond valence value 
Ba' 2.8(I) 
BaZri_, In, S; 
_, 2 
(x 0.10) Zr 4* 4.2(1) 
In' 3.3(I) 
Ba-' 2.9(1) 
BaZr, 
_, 
In, S, 
_, 
(x 0.15) Zr 4, 4.2(1) 
In' 3.2(1) 
Table 9.19. Bond valence data for BaHfi_, In, S3_, i2 (where x=00.20) 
Compound Metal ion Bond valence value 
Ba 2.8(I) 
BaHfi_, In, S; 
_,, 
(x 0.10) Ht ' 4.2(l) 
In' 3.3(I) 
Bat' 2.9(1) 
BaHfi_, In, S; 
_,, 
(x = 0.15) l lt " 4.2(l) 
In' 3.3(I) 
Ba- 2.9(1) 
BaHf, 
_, 
In, S, 
_,;, 
(x 0.20) 1W 4.2(l) 
In 3.3(1) 
Bond valence calculations for Ba"lTii_, Ga, S3_, 12 and BaTai_\Y\S3_\/2 sulfide materials 
showed that all compounds in the dopant range studied were structurally stable, with 
all cations having valences close to their theoretical ideal values (Ba'+ = 2.0 ±0.1, 
Ti`p'/Tact = 4.0 ±0.3, Ga3+/Y3+ = 3.0 ±0.2). The hexagonal lattice structure of the 
BaTii_, xGaxS3_, v/2 and BaTai_, yYyS3_y, 2 materials is shown in Figure 9.34. 
Figure 9.34. Space filling diagram of the primitive hexagonal P63/mmc structure of 
the BaTii_, Ga, S3_y/2 and 13aTai_yYyS3_y/2 materials (large light shaded 
spheres represent sulfur, large dark spheres represent Bat ý cations and 
small spheres represent ('I, i4ý / Ga 3') and (Ta4+ / Y3+) shared sites) 
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Bond valence calculations for BaLri_, In, S3_y/2 and BaHfi_, InyS3_x/2 sulfide materials 
showed that all compounds in the dopant range studied were also structurally stable, 
with all cations having valences close to their ideal values (Ba2 = 2.0 +02, Zr4 /Hf4+ 
= 4.0 +0.2, Inýr 3.0 +0.3). The orthorhombic lattice structure of the BaZ_ri_yInyS; _yý2 
and BaHfi_, InyS3., i2 materials is shown in Figure 9.35. 
Figure 9.35. Space filling diagram of the primitive orthorhombic Pnma structure of 
the BaZri_, InyS3_y/2 and BaFIfi_xInxS3_, i2 materials (large light shaded 
spheres represent sulfur, large dark shaded spheres represent Ba 2+ 
cations and smaller dark shaded spheres represent (Ht4' / Ina+) and 
(Zr4f / Ina ) shared cation sites) 
Sulfur stoichiometries for the BaTii_, Ga, S3_, /2. BaTai_,, YxS3_x/2, BaZri_, In, S3_. \12 and 
BaHfi_, In, S3_x12 materials were supported by titration data (±0.05) and sulfur contents 
were determined using iodine / thiosulfate titration for each of the sulfide systems. 
Collected stoichiometry data are summarised in table 9.20. 
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Table 9.20. Sulfur content data for compounds in the BaBI_XMXS2_2 series 
(e. s. d. 's are given in parenthesis) 
Compound Sulfur content 
BaTi1. GaS3., j2 (x = 0.10) 2.93(5) BaTi, GaS. I., p (x = 0.15) 2.91(5) 
BaTal. XYxS3., d2 (x = 0.10) 2.94(5) BaTaº. XYXS3., j2 (x = 0.15) 2.92(5) BaTa, 
_, 
Y, S,., n (x = 0.20) 2.89(5) 
BaZr,. xlnS3. iJ2 (x = 0.10) 2.94(5) BaZr,., In, S3.,, 2 (x = 0.15) 2.92(5) 
BaHf1. XIn, S3., (x = 0.10) 2.93(5) BaHf1, InS3., j2 (x = 0.15) 2.91(5) 
BaHf, 
_, 
InYS1. xn (x = 0.20) 2.87(5) 
9.1.3.4. UV/Visible absorption data 
The sulfide materials BaTil_,, GaXS3_, J2 (where x=0-0.20), BaTal_XYXS3_V2 (where x 
=0-0.25), BaZrl, InXS3_, (where x=0-0.20) and BaHfl_,, InXS3., j2 (where x=0.25) 
were analysed by UV/Vis absorption spectrometry and the variations in absorption 
with increasing dopant quantity of the materials in each series were compared. 
All BaTii, GaXS3_, j2 materials where (x =0-0.20), displayed similar characteristic 
UV/Vis spectra with all samples showing similar absorption curves offset. The (x = 
0.10) material had a maximum absorbance around 27% (RA), the (x = 0.15) material 
had a maximum absorbance around 30% (RA) and the (x = 0.20) material had a 
maximum absorbance around 34% (RA). Collected UV/Vis absorption data for the 
BaTii_,, Ga. S3_, j2 materials are shown in figure 9.36, with a summary of results shown 
in table 9.21. 
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Figure 9.36. UV/Vis absorption spectra obtained for BaTil_7zGa. S3_, j2 samples 
(where x=0-0.20) 
Table 9.21. Summary of UV/Vis absorption data for BaTil.,, Ga,, S3_, j2 samples. 
Compound a,,,,,; (nm) % RA 
relative absorbance) 
)i., (nm) % RA 
(relative absorbance) 
BaTi, 
_, 
GaS3_, j2 x=0.10 400 26.92 733 23.41 
BaTi, 
_, rGa, 
S3_, j2 (x = 0.15) 425 30.00 721 26.15 
BaTi, «Ga, S, _xn 
(x = 0.20) 425 34.28 743 30.64 
The UVNis spectra for the BaTai. XYXS3., materials showed that the compounds 
which displayed single phase XRD patterns (x =0-0.20) all showed similar 
characteristic UV/Vis spectra with all samples showing similar offset absorption 
curves and the (x = 0.10), (x = 0.15) and (x = 0.20) materials having maximum 
absorbance values around 24%, 27% and 31% (RA) respectively. The x=0.25 
sample however displayed a significantly different absorption spectra with maximum 
absorbance around 32% (RA). Collected UVNis absorption data for the BaTai. XYXS3. 
,, n materials are shown in figure 9.37, with a summary of results shown in table 9.22. 
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Figure 9.37. UV/Vis absorption spectra obtained for BaTal. XYXS3., xa samples 
(where x=0-0.25) 
Table 9.22. Summary of UV/Vis absorption data for BaTa1. XYXS3., n samples. 
Compound (nm) % RA 
(relative absorbance) 
1,,,, i (nm) % RA 
(relative absorbance) 
BaTa, _, xYxS3_,, 2 
(x = 0.10 400 24.21 771 20.58 
BaTa, Y. S3_,, 2 (x = 0.15) 425 26.91 783 22.71 
BaTa, _XYXS3_, j2 
(x = 0.20) 422 30.95 753 23.92 
BaTa,, YXS1_, n (x = 0.25) 582 32.42 414 27.74 
The data collected for the BaZri. XIn,, S3_, J2 materials showed that the compounds 
which displayed single-phase XRD patterns (x =0-0.15) had similar characteristic 
UV/Vis spectra with offset absorption curves, the (x = 0.10) and (x = 0.15) materials 
having maximum absorbance values around 46% and 52% (RA) respectively. The (x 
= 0.20) sample displayed UV/Vis spectra in the same range as the other materials but 
with a different absorption curve and a maximum absorbance value around 49% 
(RA). Collected UV/Vis absorption data for the BaZrl. XIn, tS3., J2 materials are shown 
in figure 9.38, with a summary of results shown in table 9.23. 
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Figure 9.38. UV/Vis absorption spectra obtained for BaZr1., lnS3., j, samples 
(where x=0-0.20) 
Table 9.23. Summary of UV/Vis absorption data for BaZrl_, In,, S3_, j2 samples. 
Compound a.,,,, _ (nm) 
% RA 
relative absorbance) 
(nm) % RA 
(relative absorbance) 
BaZr1_XInS3_x/2 x=0.10 800 46.35 432 25.33 
BaZr;. XInXS3., n (x = 0.15) 800 52.41 418 
30.39 
BaZr; 
_, rInxS, _Yn 
(x = 0.20) 800 49.38 614 25.11 
The data collected for the BaHf1, In. S3_, materials showed that similar to previous 
results, the compounds which displayed single-phase XRD patterns (x =0-0.20) had 
similar characteristic UV/Vis spectra with offset absorption curves, the (x = 0.10), (x 
= 0.15) and (x = 0.20) materials having maximum absorbance values around 42%, 
43% and 46% (RA) respectively. The (x = 0.25) sample displayed UV/Vis spectra 
with a different shaped absorption curve and a maximum absorbance value around 
52% (RA). Collected UV/Vis absorption data for the BaHfl. XInXS3., j2 materials are 
shown in figure 9.39, with a summary of results shown in table 9.24. 
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Figure 9.39. UV/Vis absorption spectra obtained for BaHfl_,, In,, S3_xn samples 
(where x=0-0.25) 
Table 9.24. Summary of UV/Vis absorption data for BaHfl. XIn. S3_, j2 samples. 
Compound Amax (nm) % RA 
(relative absorbance) 
1,,,;,, (nm) % RA 
relative absorbance 
BaHf, _, 1n, 
S3_, (x = 0.10 800 42.34 423 23.49 
BaHf1InS3_. n (x = 0.15) 800 43.49 539 25.00 
BaHf1_, In, S3_, j2 (x = 0.20) 800 46.55 424 26.13 
BaHf, 
_xInxS3-x/2 
(x = 0.25) 800 52.61 432 26.45 
9.1.3.5. SEM data 
SEM data were collected from all powdered BaB1. XMXS3., J2 samples, which were 
mounted on 10mm diameter adhesive backed mounting stubs and images were 
produced using a Cambridge Instruments Stereo-scan 360 machine. Image scales are 
shown at bottom left of images and typical scales were 100µm. SEM data for the 
BaTii., Ga, S3_, j2 (where x=0-0.20), BaTa1. XYXS3., (x =0-0.25), BaZr1, InXS3., j2 
(where x=0-0.20) and BaHfi. XInXS3. V2 (where x=0-0.25) materials are shown in 
Figures (9.40 - 9.42), (9.43 - 9.46), (9.47 - 9.49) and (9.50 - 9.53) respectively. 
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Figure 9.40. SEMI mage oC Ba"l'i i-, (ia.. 53-a2 (where x=0.10) scale I UUµm. 
Figure 9.41. SIAM image of Ba l'i, (ia, S3_yi2 (where x=0.15) scale = 100µm. 
The data show that 13a'l'ii_, Ga, S3_y/2 samples where (x =0-0.15), which displayed 
single phase XRD patterns had particles with a similar appearance. size and 
distribution range (5 - Wpm). with both samples having a large number of small 
particles (< 10µm). The BaTii_, Ga, S3_y/2 sample where (x = 0.20) displayed a wider 
particle size range. relative to the 0.10 and 0.15 materials, with a general distribution 
range of (5 - 30µm). However, excluding this, all samples had similar general 
appearance and particle nature. 
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Figure 9.42. SEM images of BBa ii i_, Ga, S; _,,, 2 (where x=0.20) scale = 
I00µm. 
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Figure 9.43. SEM image of t3ä Cai_yYyS; _, y, 2 (where x 
0.10) scale = 100 im. 
Figure 9.44. SEM image of ßa'l'ai_xY, S3_xi2 (where x=0.15) scale = 100µm. 
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(where x=0.20) scale = 100µm. Figure 9.45. SEM images of 13a1 ai_, Y, S; _x/2 
Figure 9.46. S[M images of' Ba I ai_yY, S; _v 2 (where x 
0.25) scale - 100µm. 
The data collected for the Ba'I'ai_yYxS3_y/2 materials show that samples. which 
displayed single phase XRD patterns (x =0-0.20) had particles with a similar 
appearance and size range distribution of (10 - 20µm). with all samples having a 
large number of particles around 1O tm. The BaTii_yGayS3_, /2 sample where (x = 
025), which had a multiple phase XRD pattern had particles in the size range (20 - 
50pm) and the particles in this sample also appeared bulkier and flatter in nature. 
relative to the other samples. 
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Figure 9.47. SEM image of BaZri_, InyS3_x/2 (where x=0.10) scale = 100µm. 
1 aour,, 
Figure 9.48. SEM image of BaLri_, In, S; _, y; '2 (where x=0.15) scale = 
t00ELm. 
f 47 vir 
ýiý's 
Figure 9.49. SEM images of BaLri_, lnyS; _yi2 (when: x=0.20) scale ý 
I00µm. 
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All the materials in the BaZri_, In,, S,, _,; 2 system 
had similar particles in both 
appearance and size range (10 - 30µm), there were no significant visible differences 
in the SEM data to contrast between the samples, it was confirmed by XRD phase 
analysis, that the BaZr, _, 
InyS3_xi2 samples where x=0.10 and 0.15 were successfully 
doped with indium and the (x = 0.20) material showed a multiple phase XRD pattern 
indicating that the doping was not completely successful in that sample. 
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Figure 9.50. SEM image of ßallfi_, ln, S3_,; -` 
(where x=0.10) scale 100µm. 
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Figure 9.51. SFM image of Bal It'i_, In, S3_yi2 (where x=0.15) scale = 100µm. 
Figure 9.52. SEM images of HaHfi_, ylnyS; _y/2 (where x=0.20) scale = 
100iun. 
All the materials in the 13a1lfi_, yInyS3_, /2 system had similar particles 
in both 
appearance and size range (5 - 2Oltm), with the exception of some agglomeration 
visible in the 0.20 and 0.25 samples, probably due to grinding factors. There were not 
any significant visible differences in the SEM data to contrast between the doped 
samples. It was also conlirnmed by XRD phase analysis, that the ßaHfi_, In, S3_y/2 
samples where x=0.10 and 0.15 and 0.20 were successfully doped with indium and 
the (x = 0.25) material showed a multiple phase XRD pattern, which indicated that 
analogous to the indium doped zirconium system discussed above, the doping was not 
successful in that sample. 
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Figure 9.53. SEM images of BaHfi_yI11yS3_xi2 (where x=0.25) scale = 100µm. 
9.1.4. Conclusions 
There were a variety of doped AB 1. XMXS3., 2 type sulfide materials in this group, 
which were successfully synthesised and characterised, the first of these were the 
BaTi1., GaXS3., 2 (where x=0-0.15) materials, which crystallised with the hexagonal 
space group P63/mmc with approximate cell parameters: a=6.75A, c=5.82A and a 
= 90°, 0= 90°, y= 120°. The structural refinements for the BaTii. XGaXS3_, j2 materials 
were well fitted, with Rwp values for the x=0.10 and x=0.15 doped materials of 
0.0561 and 0.0611 respectively and x2 values of 2.48 and 6.50 respectively. The 
BaTi1., iGaXS3_, j2 compounds had stable structures confirmed by bond valence 
calculations, with all cations having valences close to their theoretical ideal values 
with (Ba2+ = 2.0 ±0.1, Ti4+ = 4.0 ±0.3, Ga3+ = 3.0 ±0.2). Sulfur stoichiometries for the 
materials in the BaTi1. XGaXS3., j2 system were obtained from Rietveld refinement of 
high quality X-ray diffraction data and were supported by iodine / thiosulfate titration 
data (± 0.2). The UV/vis data show that the BaTil. XGa, S3., j2 materials (where x=0- 
0.20) all displayed the same general colouration and appearance, with all materials 
having similar absorption spectra, but with the colouration of the samples becoming 
slightly lighter as the gallium content of the materials increased, with the (x = 0.20) 
sample appearing marginally lighter than the (x =0-0.15) samples. This is logical as 
Ga2S3 is white in colour and BaTiS3 is black, so any unreacted gallium sulfide dopant 
phase within the sample would act to lighten the colour slightly. 
The second group of sulfide materials, which were successfully prepared and 
characterised, were the BaTai. XYXS3. V2 (where x=0-0.15) materials, which also 
crystallised with the hexagonal space group P63/mmc with approximate cell 
parameters: a=6.84A, c=5.74A and a= 90°, ß= 90°, y= 120°. The structural 
refinements for the BaTal. XYXS3. V2 materials were also well fitted, with Rwp values 
for the x=0.10, x=0.15 and x=0.20 doped materials of 0.0853,0.0908 and 0.0716 
respectively and values of 4.85,14.26 and 8.12 respectively. The BaTaa. XYXS3. V2 
compounds also had stable structures confirmed by bond valence calculations, with 
all cations having valences close to their theoretical ideal values with (Ba2+ = 2.0 
±0.1, Ta4+ = 4.0 ±0.3, Y3+ = 3.0 ±0.1). Sulfur stoichiometries for the BaTa1. XYXS3., j2 
materials were obtained from Rietveld refinement of high quality X-ray diffraction 
data and were supported by iodine / thiosulfate titration data (± 0.2). The UV/vis data 
show that the BaTa1. XYXS3., a materials (where x=0-0.20) all displayed the same 
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general colouration and appearance, with all materials having similar absorption 
spectra, but with the colouration of the samples becoming slightly lighter as the 
yttrium content of the materials increased and the (x = 0.25) sample appeared slightly 
lighter than the (x =0-0.20) samples. This is also logical in an analogous way to the 
observations made in the titanium based compounds, as Y2S3 is yellow in colour and 
BaTaS3 is dark grey, any unreacted yttrium sulfide phase present within the sample 
would lighten the overall colour and thus raise the relative absorption spectrum for 
that material. 
The BaZri.,, In,, S3_, j2 (where x=0-0.20) and BaHf1.,, InXS3_, j2 (where x=0-0.25) 
materials were also successfully prepared and characterised and both sets of 
compounds crystallised with the orthorhombic space group Prima, with the BaZrl. 
,, InXS3., /2 and BaHft_,, In,, S3., a having approximate cell parameters: a=7.06A, b= 
9.98A, c=7.02A and a=7.00A, b=9.91A, c=6.99A respectively. Both sets of 
materials had stable structures confirmed by bond valence calculations (± 0.3) and 
sulfur stoichiometries for all materials were obtained from Rietveld refinement of 
high quality X-ray diffraction data and were supported by iodine / thiosulfate titration 
(± 0.2). UV/vis and SEM data collected for BaZr1.,, In,, S3_, j2 and BaHfl. XInXS3_, j2 
materials, showed that all respective samples appeared physically similar in terms of 
surface texture and colouration, with no significant changes visible in the multiple 
phase samples (x = 0.20) and (x = 0.25) respectively. It was confirmed by XRD phase 
analysis, that the BaZr1, InS3_, j2 and BaHf1. XIn,, S3_, j. samples where (x =0-0.15) 
and (x =0-0.20) respectively, were successfully doped with indium and the (x = 
0.20) and (x = 0.25) materials showed multiple phase XRD patterns, which indicated 
that the doping limit had been exceeded. 
Anion non-stoichiometry has been introduced into these systems by means of 
selective doping of trivalent cations (In3+, Y3+, Ga3) onto the tetravalent (B 4) cation 
site in the AB1. XMXS3_, /2 materials. This process causes a charge imbalance, as 
discussed previously and leads to the creation of anion vacancies, which may allow 
the mobility of S2" ions through the lattice and give rise to sulfide-ion conductivity 
within these systems. The successfully doped materials BaTij, GaXS3_, j2 (where x=0 
- 0.15), BaTa1. XYXS3. j2 (where x=0-0.20), BaZri. XInXS3., j2 (where x=0-0.15) 
and BaHf1, InXS3., j2 (where x=0-0.20) were therefore selected to be taken forward 
for conductivity testing and possible application as high-temperature sulfide-ion 
conductors. 
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CHAPTER 10 
Comparative oxidation study of BaZrS3 and 
Ba3Zr2S7 sulfide materials 
10. Comparative oxidation study of BaZrS3 and Ba3Zr2S7 sulfide materials 
10.1. Introduction 
The high temperature oxidation of complex sulfide materials can be studied by using 
controlled powder X-ray diffraction techniques across a designated temperature 
range. Previous work has used in-situ powder X-ray diffraction techniques in 
combination with other methods to accurately describe the oxidation process of 
sulfide materials. ' Collecting powder diffraction data across a range of temperatures, 
the oxidation process of a complex sulfide, including all intermediate phases formed 
can be investigated. This chapter outlines a comparative oxidation study of two 
different `n' member compounds of a Ruddlesden-Popper 2 sulfide series. The 
structurally related complex sulfide materials BaZrS3 3 and Ba3Zr2S7 4 were both 
simultaneously oxidised using identical conditions, then the various oxidation 
products were analysed by XRD and the two products were compared at each of the 
sequential temperatures 25°C, 200°C, 400°C, 600°C, 800°C, 1000°C, 1200°C and 
1400°C. Changes in the colour and UV/visible spectra of the compounds together 
with observed changes in the size and nature of the sample particles during oxidation 
across the temperature range 25 - 1400°C were also studied. The ambient temperature 
structure of the layered (n = 2) Ruddlesden-Popper sulfide compound Ba3Zr2S7 
crystallises with tetragonal space group I4/mmm and with approximate cell 
parameters, a=b=5.00A, c= 25.53A. The structure of the unlayered (n = oo) 
perovskite type sulfide material BaZrS3 under ambient conditions has the space group 
Pnma with approximate cell parameters a=7.06A, b=9.98A, c=7.02A. The 
products from each oxidation were studied by X-ray diffraction, to determine the 
phases present at each stage of oxidation. The aim was to identify any differences in 
the route of the oxidation process between the two sulfide compounds using 
diffraction phase analysis at each temperature stage to identify the changing and 
emerging structural phases present at each temperature point throughout the 
oxidation. 
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10.2. Experimental 
The Ba3Zr2S7 material was prepared by the direct combination of BaS, (99.99%) 
metal basis (Aldrich) and ZrS2 (99.99%) (Strem UK) combined in the correct molar 
quantities, together with a 10mol% BaC12 flux (99.999%) (Aldrich). The BaZrS3 
sulfide material was similarly prepared by the direct combination of BaS, (99.99%) 
(Aldrich) and ZrS2 (99.99%) (Strem UK) and the products were finely ground with 
pestle and mortar under argon in the glove box. Using standard high temperature 
controlled atmosphere solid-state techniques, the two sulfide samples were transferred 
into silica tubes, which were then evacuated on a high vacuum line and weld-sealed. 
Reaction vessels for both complex sulfide materials were heated to 1050°C at a rate of 
1°C /min, where the furnace was allowed to dwell for a period of 24 hours. The 
furnace was then cooled and samples were checked for phase purity by XRD analysis 
from data collected across the range 25 - 65 ° collected over a period of 40 minutes. 
The prepared sulfide materials were then finely ground and prepared for oxidation 
analysis. 0.200g of the sulfide material Ba3Zr2S7 and 0.200g of the sulfide material 
BaZrS3 were transferred into identical open-top alumina reaction boats and were both 
simultaneously heated to each of the following temperatures 25°C, 200°C, 400°C, 
600°C, 800°C, 1000°C, 1200°C, 1400°C and were allowed to dwell at each 
temperature for 8 hours, after this time the samples were transferred to the 
diffractometer for XRD phase analysis and initial phase determinations were obtained 
from XRD data across the range 25 - 65 ° (2-theta) collected over a period of 1 hour. 
Monochromatic Cu (Kal) radiation was used and scans were run with a step size of 
0.014°. UV/vis spectra were collected from materials at each stage of oxidation and 
were used to observe and compare the changes in colour and visible range absorption 
spectra throughout the oxidation processes of the two sulfide materials. Colour 
measurements and visible absorption data were collected for all sulfide samples using 
a Perkin-Elmer Lambda 35 UV/vis spectrometer, with a titanium dioxide blank 
standard. Absorption data were collected across range 400-800nm, with data intervals 
of 1 nm and a scan speed of 240nm/min. Data were plotted as wavelength vs 
percentage relative absorption and analysed using the UV Winlab software. SEM 
image data were also collected from materials at each stage of oxidation and 
powdered samples were mounted on 10mm diameter mounting stubs, data were 
collected using a Cambridge Instruments Stereo-scan 360 machine, producing a range 
of images with typical scales of 100µm. 
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10.3. Results and Discussion 
10.3.1. XRD Data 
The sulfide materials BaZrS3 and Ba3Zr2S7 were both sequentially oxidised to a series 
of 8 temperatures across the range (25 - 1400°C) and at each stage of oxidation, both 
compounds were analysed by X-ray diffraction and the phases present at each 
temperature were assessed. The collected XRD data for the sequential oxidations of 
BaZrS3 and Ba3Zr2S7 are shown in figures (10.1 - 10.8) and (10.9 - 10.16) 
respectively. The data and results showing the various oxidation products and phases 
present within each sample across the 25 - 1400°C temperature range, which were 
collected during the complete oxidation the BaZrS3 and Ba3Zr2S7 materials, are also 
summarised in tables 10.1 and 10.2 respectively. 
BaZrS3-25C 
Figure 10.1. Powder XRD pattern obtained for BaZrS3 sample @ 25°C with data 
referenced to relevant JCPDS5 files 
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Figure 10.2. Powder XRD pattern obtained for BaZrS3 sample @ 200°C 
BaZrS3-4000 
5 
Figure 10.3. Powder XRD pattern obtained for BaZrS3 sample @ 400°C 
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272 
aaaaaa. aaraanaaaaa. r. a r. oeeaamaaa. oaa. a 
2-Theta-Scm. 
®B. 7, S3-1000C-Re BaS310MCrw-Typ. 7rWM bawd-Sbt25000'-End. 61A5B'-SE, 0014"-&APWM21. "Tarp 21 C-71inSabi 10. -2-TMa E000""Thea 12500""W 000--R[ 00 
ooarca edva. wl oao. 10001 hone 
[[, bO0241035(9-Bslq,. m"®aS01-Y5112%-dx q. t-W.. 15108-Ol44CDe"LCPD 2e- 
10 -1763(Q-3 ua,, sd. -=-Y 500]%-da Ey 1. -M115405-Ta6gall"NORF101- 
"/pOp603BB(ý-BalumaramiunUoh-BedWY 0000%-dvy' L-W.. 15/0E-Gi aC- 
ssasssnarwrrarrwnorrnwwwrrrarw a" ree e" w 
2-T is-Scds 
E9Ba381.4000-Re6LS3.120OCiw-Typs ZiMhlodad-9! R 25000'-End09.958'-& 0014 '-01 ptm[21 s-T«M 21'C. 1n"ffiabd10". 2Thd&250M". 71Me 12500'-CN 000'-Flt 00 
Cbsala* Bd1 000.10001 hM 
[A00050.900('1-Bwun3rmýunOad-Bý30D-r d. by 1002-VýL 15401-ade. 
BaZrS3-1400C 
ý_ 
L 
J 
Figure 10.8. Powder XRD pattern obtained for BaZrS3 sample @ 1400°C with data 
referenced to relevant JCPDS files 
273 
sssasiwaawssnraeneeee a"" suaows. " sro. a. r 
2-Theo -Scds 
®B. S3-14000-Ra0ZJS-l4000, --Typ ZMflh ca . 9Yn 25000'- End 61058"-Stop 0014"-9ep%r 21s-Tenp 73C-TIm01x410s-2-Tnda 01000"-Thee 125001-W 0.00". Rx 00 
Ops+ýms. BstlýanE 1000.1A00I hvod 
[[Aa0050.700('1'ýunärcrnunOad-Bs300-Y 9867%- dxby t -Vd1 5408- cbc- 
Ba3Zr2S7-25C 
t J 
Figure 10.9. Powder XRD pattern obtained for Ba3Zr2S7 sample @ 25°C 
Ba3Zr2S7-2000 
5" 
r 
Figure 10.10. Powder XRD pattern obtained for Ba3Zr2S7 sample @ 200°C 
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Figure 10.13. Powder XRD pattern obtained for Ba3Zr2S7 sample @ 800°C 
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Figure 10.14. Powder XRD pattern obtained for Ba3Zr2S7 sample @ 1000°C 
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Figure 10.15. Powder XRD pattern obtained for Ba3Zr2S7 sample @ 1200°C 
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Figure 10.16. Powder XRD pattern obtained for Ba3Zr2S7 sample @ 1400°C 
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Table 10.1. Summary of XRD data showing phases present at each temperature 
stage (25 -1400°C) during the complete oxidation of BaZrS3. 
Temperature °C Duration (h) Phases present within the sample 
25 8 Pattern consists of pure BaZrS3 phase 
200 8 Pattern consists of pure BaZrS3 phase 
400 8 BaZrS3 with small quantities of barium oxide prese2t 
600 8 BaSO4 peaks emergent with BaZrS3 peaks diminished 
800 8 Major phase = BaSO4 with Zr02 present (BaZrS3 phase absent) 
1000 8 BaSO4 with Zr02 with the appearance of BaZr03 phase 
1200 8 Major phase = BaZrO3 with small quantities of BaS04 remaining 
1400 8 Pattern consists of pure BaZrO3 phase 
Table 10.2. Summary of XRD data showing phases present at each temperature 
stage (25 -1400°C) during the complete oxidation of Ba3Zr2S7. 
Temperature °C Duration (h) Phases present within the sample 
25 8 Pattern consists of pure Ba3Zr2S7 phase 
200 8 Pattern consists of pure Ba3Zr2S7 phase 
400 8 Phases present = Ba3Zr2S7 with BaSO4 peaks emergent 
600 8 Phases present = BaSO4 with Ba3Zr2S7 phase present 
800 8 Phases present = BaSO4 with Zr02 (Ba3Zr2S7 phase absent) 
1000 8 Major phase = BaSO4 with Ba3Zr2O7 phase present 
1200 8 Major phase = BaZrO3 with Ba3Zr2O7 and BaSO4 present 
1400 8 Pattern consists of pure BaZrOj phase 
10.3.2. UV/Visible absorption data 
The BaZrS3 and Ba3Zr2S7 samples were both oxidised to a series of temperatures in 
the range (25 - 1400°C) and at each stage of oxidation both the compounds were 
analysed by UV/Vis absorption spectrometry. It was found that up to a temperature of 
600°C, both materials showed relatively little colour change, with both materials 
appearing visually as a similar dark grey colour. When the materials reached NOT 
there was a significant colour change in both samples, this change reflected the 
crossing of the oxidation threshold, where the major component phases became 
barium sulfate (white) as opposed to barium zirconium sulfide (black), as reflected in 
the XRD data collected for both materials. Collected UV/Vis absorption data for the 
oxidation of BaZrS3 are shown in figure 10.17 and Ba3Zr2S7 in figure 10.18 with a 
summary of results shown in tables 10.3 and 10.4 respectively. 
278 
103A 
_T---- -_-- 
1ý00 
100 
95 
. q 
f0 
40 
------F-- --- J-- ---L- -!. 
35 
30 
n 
20 1 1 00 
4000 420 440 450 480 800 520 540 550 580 sea ego 540 sea see 700 720 7.0 Teo you 5000 
nm 
Figure 10.17. UV/Vis absorption spectra obtained for BaZrS3 samples @ 25-1400°C 
Table 10.3. Summary of UV/Vis absorption data for BaZrS3 oxidation samples 
Compound (nm) % RA 
(relative absorbance) 
),,,,;,, (nm) % RA 
(relative absorbance) 
BaZrS3 25°C 401 22.45 435 19.48 
BaZrS3 200°C 585 25.72 424 22.20 
BaZrS3 400°C 429 26.20 423 22.81 
BaZrS3 600°C 463 33.38 401 27.89 
BaZrS3 800°C 800 96.82 401 83.00 
BaZrS3 1000°C 800 102.40 403 85.21 
BaZrS3 1200°C 736 101.20 404 87.80 
BaZrS1 1400°C 715 99.72 405 89.24 
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Figure 10.18. UV/Vis absorption spectra for Ba3Zr2S7 samples @ 25-1400°C 
Table 10.4. Summary of UV/Vis absorption data for Ba3Zr2S7 oxidation samples 
Compound ),,,,,, _ (nm) 
% RA 
(relative absorbance) 
X;,, (nm) % RA 
(relative absorbance) 
Ba3Zr2S7 25°C 800 35.50 512 27.61 
Ba3Zr2S7 200°C 800 41.40 443 25.12 
Ba3Zr2S7 400°C 800 41.12 519 26.01 
Ba3Zr2S7 NOT 800 46.10 545 33.30 
Ba3Zr2S7 800°C 682 95.59 403 82.60 
Ba3Zr2S7 1000°C 790 102.60 400 85.71 
Ba3Zr2S7 1200°C 747 101.19 403 87.81 
Ba1Zr2S7 1400°C 713 99.69 402 90.72 
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10.3.3. SEM data 
SEM data were collected from the füll range (25 - 1400"C) of oxidation samples for 
BaZrS3 and Ba3LrS7 materials. which were mounted on 10mm diameter adhesive 
backed mounting stubs and images were produced using a Cambridge Instruments 
Stereo-scan 360 machine. Image scales are shown at bottom left of images and typical 
scales were 100µm. SEM data for the BaZrS3 and Ba,, Zr2S7 oxidation samples are 
shown in Figures (10.19 10.26) and (10.27 -- 1034) respectively. 
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Figure 10.19. SEM image of I3aZrS-, sample (ü> 25°C (. scale - IOO rni) 
Figure 10.21. SEM image of ßaZrS3 sample "ti, 400°C (scale = IOOjun) 
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Figure 10.20. SEM image of BaZrS3 sample ; a% NOT (scale =I UUum) 
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Figure 10.23. SEM image oi' Ba/rS; sample (a NOT (sc"u/c 100pin) 
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Figure 10.22. SEM image oi' BaIrS; sample iui 600"C (scale -1 UUOwm) 
ýýa 
v', 
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Figure 10.24. SEM image of 13aZrS3 sample 'ü; 1000"C' (scale = 1OUfun) 
Figure 10.25. SEM image of BaZrS,, sample ra 1200°C' (scale 1 UUOtm) 
The collected data for the BaZrS3 oxidation samples show that the 25°C sample had 
small particles, which were in the size range 20 - 40µm, the particles appeared to be 
more clustered in the 200"C' sample with agglomerated particles up to 90 p. m. The 
particles of the 400 and 600"C samples are slightly agglomerated in the same way as 
seen in the 200°C sample, but up to this point all particles have the same general 
appearance and texture. At a temperature of 800"C the surface texture of the particles 
changes from a predominantly smooth surface on the particles (25 - 600°C), to a 
rougher and more porous surface texture. This change coincides with the significant 
colour shift recorded in the UV data for the samples and highlights the changing of 
the major component phase in the samples from BaZrS3. which is black, to BaSO4, 
which is white. The 1000°C sample shows further roughening of the particle surface 
texture as the compound oxidises further. The particles in the 1200°C sample show 
the same porous effect across all the surfaces, which reflect the advanced stage of 
oxidation in the material. The nature and appearance of the particles in the 1400"C 
sample is completely different from the (25 - 600°C) materials and the image shows 
the pronounced pitted effect of the surface of the particles, reflecting the material has 
been fully oxidised. 
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Figure 10.26. SF. M image of BaZrS3 sample (() 1400"C (scale IOOuni) 
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Figure 10.27. S1: M image of Ba, Zr2S7 sample (u), 25°C (scale 100/1111) 
Figure 10.28. SIF; M image oC Ba3/r2S7 sample (u, 200"C (scale 1OOum) 
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Figure 10.29. SLIM image of Ba3Lr2S7 sample (cis 400"C (scale -- 1OOwn) 
Figure 10.30. SEM image of Ba3Lr2S7 sample , u; o00"C' (scale 100/1111) 
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Figure 10.31. SI: M image ol'Ba; Lr2S7 sample ! u? 800"C (scale =- 100pm) 
Figure 10.32. SEM image uC Ba; Zr2S7 sample 'u; 1000°C (scale = 100pm) 
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Figure 10.34. SEM image of Ba3Zr-, S7 sample aý 1400°C (scale 1OO, um) 
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Figure 10.33. SI: M image oC Ba3Zr2S7 sample (a, 1200"C (scale =1 UUjm) 
The data for the Ba3Zr2S7 oxidation samples show that the 25°C sample had relatively 
small particles with the size range 20 - 40µm and the particles in the 200°C sample 
also appeared very similar in size and surface texture. The 400 and 600°C samples 
showed slightly larger particles, with some agglomeration but with the same general 
appearance of smooth flat particles peppered with smaller fragments. At 800°C the 
surface texture of the particles begins to change from smooth surface to a rougher and 
more uneven surface texture. This change also coincides with the colour shift 
recorded in the UV data for the Ba3Zr2S7 samples and this highlights the changing of 
the major component phase in the samples from the sulfide material Ba3Zr2S7 (very 
dark brown) to BaSO4 (white). The 1000°C sample shows a profound change in 
particle nature, with the material appearing as a collection of small rough surfaced 
particles with no flat smooth edges visible. In the 1200°C phase these rough particles 
are more disperse and the jagged and uneven surfaces are clearly visible. The 1400°C 
sample shows an array of finely divided rough textured particles of the fully oxidised 
material BaZrO3 as confirmed by XRD phase analysis. 
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10.4. Conclusions 
The data show that the orthorhombic BaZrS3 sulfide phase is stable in air up to a 
temperature of 400°C, at which point the sulfide begins to oxidise and produces a 
small quantity of tetragonal BaO oxidation product. The further heating of the 
compound to 600°C causes the significant degradation of the BaZrS3 sulfide phase, 
which is reflected in the dramatic decrease in the peak intensities for the sulfide 
phase. Simultaneously the lost sulfide is converted into an orthorhombic barite phase 
(BaSO4), which becomes visible in the diffraction pattern at 600°C. At a temperature 
of 800°C the BaZrS3 sulfide phase is absent from the diffraction pattern and has been 
fully converted to a combination of BaSO4 and tetragonal Zr02, this stage is the 
effective mid-way point in the oxidation process. The sample was then heated further 
and at a temperature of 1000°C the sulfate product begins to degrade as the remaining 
sulfur is lost from the sample, also the separate barium and zirconium oxidation 
products begin to integrate and a BaZrO3 phase appears within the diffraction pattern. 
At a temperature of 1200°C all sulfur has been removed from the sample and the 
pattern shows the BaZrO3 phase with very minor residual sulfate peaks. At a 
temperature of 1400°C the diffraction pattern shows a fully oxidised pure cubic 
BaZrO3 phase. 
The data show that the tetragonal Ba3Zr2S7 phase is stable in air up to a temperature 
of 400°C, after heating for 8 hours at 400°C the first signs of oxidation begin to 
emerge with the appearance of minor peaks within the diffraction pattern, 
corresponding to BaSO4. At a temperature of 600°C the sulfide phase is significantly 
degraded and the peak intensities for the Ba3Zr2S7 phase are reduced, the sulfide is 
being oxidised and converted to a sulfate and the BaSO4 phase is clearly visible and 
at this point becomes the dominant phase in the pattern. At a temperature of NOT 
the Ba3Zr2S7 sulfide phase is absent from the diffraction pattern and has been fully 
converted to a combination of orthorhombic BaSO4 and tetragonal Zr02, similar to 
that observed during the oxidation of the BaZrS3 material, this is the effective mid- 
point in the oxidation process of Ba3Zr2S7. The sample was heated further to a 
temperature of 1000°C and at this point the sample behaved differently to the BaZrS3 
material, in that the sulfate phase was still prominent in the pattern and in this case a 
tetragonal Ba3Zr2O7 phase was also present, reflecting the oxide substitution into the 
tetragonal Ba3Zr2S7 sulfide phase. When the sample was heated to a temperature of 
1200°C the phases present within the diffraction pattern included cubic BaZrO3, 
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tetragonal Ba3Zr2O7 and to a lesser extent the orthorhombic (BaSO4) barite phase. 
When the sample reached a temperature 1400°C the diffraction pattern showed a fully 
oxidised cubic BaZrO3 phase. 
The general oxidation processes for the BaZrS3 and Ba3Zr2S7 sulfide materials 
display similarities such as the significant colour change and the associated jump in 
relative absorbance of the samples at 800°C, which is observed in the UV/vis data for 
the BaZrS3 material at 600°C displaying a maximum absorbance = 33.4% RA, with 
the value shifting to 96.8% RA for the 800°C sample. A similar colour shift was also 
observed in the Ba3Zr2S7 material with maximum absorbance = 46.1% RA for the 
600°C sample, shifting to 95.6% RA at 800°C. Both materials also showed an 
increased particle surface porosity under SEM as the samples were oxidised and lost 
sulfur to the atmosphere, the surface effect was particularly pronounced in samples, 
which were oxidised to temperatures above 1000°C. The final oxide product formed 
after the complete oxidation of both BaZrS3 and Ba3Zr2S7 materials was also the same 
cubic BaZrO3 phase. 
There were also notable differences in the process of oxidation between the BaZrS3 
and Ba3Zr2S7 sulfide materials. The first oxidation product peaks to appear in the 
diffraction pattern for the BaZrS3 material represented an orthorhombic barium oxide 
(BaO) phase, whereas in the oxidation of the Ba3Zr2S7 material, the initial oxidation 
product to emerge is the orthorhombic sulfate, barite (BaSO4), which then goes on to 
become the main phase present in the diffraction pattern for both BaZrS3 and 
Ba3Zr2S7 materials at 800°C. In contrast to the almost total oxidation of the BaZrS3 
sample at 1200°C, with the diffraction pattern consisting of cubic BaZrO3 with very 
minor sulfate residues, at 1200°C in the Ba3Zr2S7 sample, the sulfate product phase 
still persisted and it was only at 1400°C that the sulfate and all other oxidation 
products disappear and the sample was fully oxidised to the pure cubic BaZrO3 phase. 
The collected data show that while the BaZrS3 and Ba3Zr2S7 sulfide phases both have 
similar oxidation stability, at 1200°C the samples contain very different phases, with 
the BaZrS3 sample, the material was virtually fully oxidised at 1200°C, whereas it 
was necessary to heat the Ba3Zr2S7 material to 1400°C before the complete 
conversion of the sample to the final BaZrO3 oxidation product was achieved. 
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CHAPTER II 
Preparation of sulfide materials with direct 
oxide-ion conductor analogues: La2Mo2Sq and 
doped Zirconia based systems 
11. Preparation of sulfide materials with direct oxide-ion conductor 
analogues: La2Mo2S9 and doped Zirconia based systems 
11.1. Attempted preparation of La2Mo2S9 
11.1.1. Introduction 
Using known oxide analogue materials as a guide for the speculative synthesis of 
novel complex sulfides, preparation methods based on previously prepared oxide-ion 
conducting compounds have been adapted for the investigation of novel sulfide 
structure types. Most traditional oxide-ion conductors are typically materials in which 
there are distinct anion and cation sites. If the ratio of anion to cation sites in the 
crystal lattice is not matched to the ratio of the valences of the two ions, the charge is 
balanced by vacancies on one of the sites. In the case of 02' conductors, oxygen-ions 
can diffuse from an occupied site to a crystallographically equivalent vacant site by 
overcoming a small energy barrier. However, the thermal energy required to 
overcome even a small energy barrier corresponds to a relatively high temperature. 
Thus, solid oxide fuel cells, oxygen sensors, etc. must operate at relatively high 
temperatures typically around 1000°C. 5' 6 Recently a new oxide compound was 
discovered by Goutenoire et al, in the form of La2Mo2O9, ' which has a different 
crystal structure from all known solid oxide electrolytes and that exhibits fast oxide- 
ion conducting properties. 2 The ambient temperature form (a-La2Mo2O9) is a low 
symmetry monoclinic phase, 2 which undergoes a structural transformation at 580°C 
to a primitive cubic beta structure (ß-La2Mo2O9), with anion disorder and associated 
oxygen vacancies. 4 Similar to other anionic conductors, 7' 8 the oxide material 
undergoes a structural transition, which results in a marked increase in the level of 
ionic conduction by around 100 times, 3 such that the high temperature oxide 
compound has a degree of conductivity at 600°C comparable to that of YSZ. The 
synthesis of an analogous sulfide system to this compound La2Mo2S9 was attempted, 
using comparable reaction conditions to that of the oxide, with preparative 
modifications due to the oxygen and moisture sensitivities of the sulfides. 
294 
11.1.2. Experimental 
The compound La2Mo2S9 was prepared by the direct combination of La2S3. MoS2 and 
S in a 1: 2: 2 molar ratio, the mixture was then ground with a pestle and mortar in the 
glove box under argon. Once the reactants were finely ground, they were transferred 
into silica tubes. The tubes were then evacuated on a high vacuum line and weld- 
sealed. Five sets of experimental reaction conditions were attempted, 800°C, 900°C, 
1000°C, 1050°C and 1100°C. Reaction vessels were then heated to selected 
temperatures at a rate of 2°C /min. The furnace was allowed to dwell at each 
maximum temperature for 24 and 48 hours, giving 10 initial sets of reaction 
conditions. After reaction, samples were transferred to XRD mounting discs, and 
sealed with Mylar film to minimise oxidation. XRD data were collected in the range 
25 - 110° over a period of 15 hours. Monochromatic Cu (Kai) radiation was used, 
and the scan was run with a step size of 0.014°. SEM data were collected for the 
sample reacted at 1000°C / 48 hours, which was the maximum synthesis temperature 
achieved before incongruent melting of reactants occurred. The powdered sample was 
mounted onto a 10mm diameter mounting stud and was observed using a Cambridge 
Instruments Stereo-scan 360 machine, images were produced with a scale of 20µm. 
11.1.3. Results and Discussion 
11.1.3.1. XRD data 
Attempted preparations of the La2Mo2S9 sulfide analogue compound carried out at 
800,900 and 1000°C were analysed by powder X-ray diffraction and all samples 
showed the presence of unreacted starting compounds lanthanum sulfide and 
molybdenum sulfide, where the La2S3 had reacted with the added sulfur to form 
orthorhombic LaS2 and the MoS2 reactant was unaffected. In the reaction syntheses 
attempted at 1050 and 1100°C all reactants melted and fused to the wall of the glass 
reaction vessel. Shown in Figure 11.1.1 is the collected diffraction data for obtained 
for the La2Mo2S9 materials, with a summary of the various reaction conditions and 
corresponding results is shown in table 11.1.1. 
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La2Mo2S9 
Figure 11.1.1. XRD data for attempted La2Mo2S9 compound reacted at 1000°C/48hr, 
referenced to JCPDS indexed diffraction files for LaS2 and MoS2 
Table 11.1.1. Summary of reaction conditions and results for syntheses of La2Mo2S9. 
Reactants Temperature (C) Reaction time (hr) Results o XRD analysis 
La2S3 + 2MoS2 + 2S 800 24 LaS2 + MoS2 
La2S3 + 2MoS2 + 2S 800 48 LaS2 + MoS2 
La2S3 + 2MoS2 + 2S 900 24 LaS2 + MoS2 
La2S3 + 2MoS2 + 2S 900 48 LaS2 + MoS2 
La2S3 + 2MoS2 + 2S 1000 24 LaS2 + MoS2 
La2S3 + 2MoS2 + 2S 1000 48 LaS2 + MoS2 
La2S3 + 2MoS2 + 2S 1050 24 Reactants melted 
La2S3 + 2MoS2 + 2S 1050 48 Reactants melted 
La2S3 + 2MoS2 + 2S 1100 24 Reactants melted 
La, S1 + 2MoS2 + 2S 1100 48 Reactants melted 
The maximum reaction temperature reached in the syntheses without reactant 
compounds melting to the silica was 1000°C / 48 hours. Syntheses performed at 800, 
900 and 1000°C all produced similar dark grey powders, and the collected powder 
diffraction data showed unreacted starting compounds in which La2S3 had reacted 
with sulfur in the mixture to form LaS2 and the hexagonal MoS2 remained unreacted. 
All syntheses attempted at temperatures above 1050°C caused melting of reactants 
and inhomogeneous fused products. The product compound reacted at the highest 
synthesis temperature, prior to melting was analysed by XRD and SEM techniques to 
determine the phases present in the sample. 
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11.1.3.2. SEM data 
SEM data were collected from powder samples mounted on I0mm diameter adhesive 
backed mounting studs, using a Cambridge Instruments Stereo-scan 360 machine and 
images were produced with a scale of 201un. SEM data for the compound La2Mo2S, > 
is shown in Figure 11.1.2. The left image (a) shows the full SEM image obtained 
together with scale (µm), and the image on the right (h) shows a 50µm magnified 
region of the sample particles. 
Figure 11.1.2a. and 11.1.2b. SEM images of La2Mo2S9 reacted at 1000"C/48hr 
The XRD data for the product compound showed a mixture of two phases. 
orthorhombic LaS-, and hexagonal MoS2. The SEM data collected for the I. a, Mo2S, ) 
product samples clearly showed an array of thin plate like particles, within the size 
range 5-10µm, some of which had irregular rounded shapes. A large proportion of the 
particles displayed a regular hexagonal shape, representing the hexagonal crystals of 
the unreacted MoS2 starting compound. Collected data showed that the single-phase 
sulfide target compound was not achieved in this case. No observable reaction 
occurred between sulfide reactants under all synthesis conditions attempted. which 
suggests that either significantly different preparation methods are required to 
produce a viable sulfide phase of the form La2Mo2S9. such as the controlled 
atmosphere sulfidation of the oxide, or the synthesis of the sulfide analogue 
compound is not feasible. 
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11.1.4. Conclusions 
The oxide material La2Mo2O9 was found to possess intrinsic anion vacancies within 
the structure, 1 Goutenoire et al 2 reported that it was the high temperature disordering 
of these anion vacancies at the structural phase transition, which gave rise to the 100 
fold increase in oxide-ion conductivity. The transition temperature for La2Mo2O9 is 
580 °C, which is less than the 600 - 700 °C limit below which engineering difficulties 
associated with oxide-ion conductors become less serious. The oxide material 
La2Mo2O9 was prepared from the stoichiometric oxides by standard solid-state 
methods and reacted at 950°C for 24 hours in air. 3A single-phase sulfide analogue 
material with the stoichiometry La2Mo2S9 could not be synthesised using equivalent 
solid-state preparation techniques. The reaction mixture of lanthanum sulfide and 
molybdenum sulfide melted at 1050°C while there was no evidence of reaction in all 
syntheses up to this temperature. This suggests that either significantly different 
preparation methods are required to produce a viable sulfide phase analogous to the 
La2Mo2O9 oxide system, or the synthesis of the sulfide compound is not feasible. 
Variations in structure, reactivity and thermodynamic stability between oxide and 
sulfide materials dictate that oxide materials will not necessarily have readily 
producible sulfide analogues, so the aim was to assess, which compounds are possible 
to synthesise and which are not. This elimination process will help identify common 
structure types of sulfide-ion conductors and the groups of compounds less likely to 
yield sulfide-ionic conductivity. 
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11.2. Attempted preparation and characterisation of doped zirconia based 
sulfide systems: Ca%Zrl_XS _, r and 
SrxZr1_, S 
_X 
(where x=0-0.2) 
11.2.1. Introduction 
Pure undoped zirconia is a poor ionic conductor at ambient conditions .9 However, 
if 
Zr02 is heated to temperatures above 2370°C, it becomes an oxide-ion conductor due 
to a phase transformation from tetragonal to cubic structure. By adding stabilising 
agents like calcia (CSZ) or yttria (YSZ), the cubic structure is stabilised even at 
ambient conditions. Because of this stabilisation zirconia becomes a reasonable ionic 
conductor at SOFC (solid oxide fuel cell) operating temperatures (750-1000°C) and 
can be used as an electrolyte material. 5 The anionic conductivity of yttria and calcia 
stabilised zirconias are well documented. 10.12 Chemical doping of zirconia with 
typically 20% calcia produces cubic stabilised zirconias. 9 The addition of the calcium 
dopant in CSZ for example creates non-stoichiometry and disorder in the host lattice. 
The replacement of Zr4+ cations by Ca2+ cations causes oxygen anion vacancies to be 
created in order to maintain charge neutrality in the system, and the observed ionic 
conductivity in these systems is primarily due to the motion of oxide-ions through the 
lattice via these defect vacancies. In the oxide system Zr02-xCaO, mixtures, which 
contained quantities of calcia equal to 10mol%, required synthesis temperatures in 
excess of 1800°C to form a stable cubic phase. 16 The maximum available temperature 
for sulfide syntheses was 1300°C, which precluded very high temperature synthesis 
routes in this case. In preparations involving the oxide system, mixtures containing 
20mol% CaO in Zr02 formed stable cubic solid solutions over the temperature range 
1200°C - 2500°C. Oxide mixtures, which contained dopant quantities significantly 
above 20mol%, began to form the stoichiometric oxide phase CaZrO3.16 The Zr02- 
20mol%CaO phase was therefore selected as the material for analogous sulfide 
synthesis. Previous work on the doping of calcium sulfide with zirconium sulfide has 
been produced, which focused on the cationic conduction of Ca2+ ions through the 
system and the materials investigated were of the form CaS-2wt%ZrS2.13 The 
compounds under investigation in this work were based on a host lattice of ZrS2 
containing added dopants of CaS and SrS, with the aim of producing sulfide 
compounds with stoichiometries analogous to the oxide compound CSZ (calcia 
stabilised zirconia). The structure of zirconium sulfide has been investigated by 
means of electron diffraction and materials annealed at 400°C were found to possess 
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ordered sulfide vacancies on quenching. 14 The aim was to stabilise potential 
vacancies at ambient temperature by means of chemical doping with CaS and SrS, in 
an analogous way to that used in the oxide system. 
11.2.2. Experimental 
The attempted preparation for the CaXZri_XSZ_,, and Sr., Zrj_XS2_X (x =0-0.2) materials, 
involved CaS/SrS and ZrS2 being combined in the correct molar proportions and 
ground thoroughly in a pestle and mortar. All grinding of sulfide materials was 
performed in an argon atmosphere glove box, to avoid oxidation. Once the sulfide 
compounds were prepared, they were transferred into pyrolised silica tubes due to 
their calcium and strontium content. This was in order to minimise possible reaction 
between M2+ ions and the silica of the reaction vessel. The silica tubes were then 
evacuated with a rotary pump and vacuum line and weld-sealed with an 
oxygen/methane blowtorch. After sample tubes had been prepared and sealed, they 
were placed into a protective Inconel alloy work tube within the tube furnace. The 
reaction vessels were heated to 1300°C at a rate of 2°C /min and allowed to dwell at 
1300°C for 48 hours. After this time, the furnace was cooled to room temperature and 
the samples were removed. Samples were transferred to Perspex or aluminium XRD 
mounting discs and sealed with Mylar film, to minimise atmospheric oxidation. 
Powder X-ray diffraction data were collected across the 2-theta range 25 - 110° over a 
period of 15 hours. Monochromatic Cu (Kai) radiation was used and scans were run 
at a step size of 0.014°. XRD patterns were compared to the JCPDS database. 15 
Information on particle size and shape of the prepared materials were collected by 
SEM data from powder samples mounted on 10mm diameter adhesive backed 
mounting studs, using a Cambridge Instruments Stereo-scan 360 machine and images 
were produced of various magnifications with a scale of 20µm. 
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11.2.3. Results and Discussion 
11.2.3.1. XRD data 
Powder X-ray diffraction data were collected across the 2-theta range 25 - 110° over a 
period of 15 hours. Monochromatic Cu (Kai) radiation was used and scans were run 
at a step size of 0.014°. Collected XRD patterns were referenced to the JCPDS 
powder diffraction database. 15 The sulfide material Ca0.2Zro. 8S1.8 had a dark, dull red 
colouration and the collected powder X-ray diffraction pattern showed a complex set 
of peaks, which is atypical for a simple cubic fluorite structure with high symmetry. 
When the XRD pattern was referenced to the JCPDS database, the XRD data showed 
that the synthesis had produced the stoichiometric, orthorhombic compound CaZrS3, 
with some unreacted zirconium sulfide remaining in the pattern. The data showed that 
starting materials were still present in Powder diffraction patterns of samples 
prepared at 1300°C. The attempted synthesis of the strontium analogue compound 
Sr0.2Zr0.8S1.8 also produced a dark red product similar to the calcium material. 
Examination of the XRD pattern again showed a very similar complex set of peaks, 
and when the XRD pattern was referenced to the JCPDS database, the data showed 
that the synthesis had produced SrZrS3, with unreacted ZrS2 present, analogous to the 
reaction of the calcium system. The product compounds for Ca0.2Zro, 8S1.8 and 
Sr02Zro. gS,, 8 reacted at 1300°C / 48 hr, were pressed into pellets and sintered at 
1100°C for a further 12 hours, however XRD results showed no change in reaction 
product from the orthorhombic MZrS3 (where M= Ca/Sr) compounds initially 
formed. Shown in Figures 11.2.1 and 11.2.2 are the collected diffraction data for 
Cao. 2Zr0.8S,. 8 and Sr0.2Zr0.8S1.8 respectively. 
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Ca(0.2)Zr(0.8)S1.8 
Figure 11.2.1. Powder XRD data for Cao22Zr0.8S1.8 compound reacted at 1300°C/48hr, 
referenced to JCPDS indexed diffraction files for CaZrS3 and ZrS2 
Sr(0.2)Zr(0.8)S1.8 
Figure 11.2.2. Powder XRD data for Sro. 2Zro, 8S1.8 compound reacted at 1300°C/48hr, 
referenced to JCPDS indexed diffraction files for SrZrS3 and ZrS2 
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11.2.3.2. SEM data 
SEM data were collected from powder samples mounted on 10mm diameter adhesive 
backed mounting studs, using a Cambridge Instruments Stereo-scan 360 machine and 
images were produced with 20µm magnification. SEM data for the compounds 
CaO. 2ZrO0.5Si. x and Sr02ZrsS1, s are shown in Figures 11.2.3 and 11.2.4 respectively. 
The left images (a) show the full SEM image obtained together with scale (pm), the 
right hand images (b) show a magnified region of the compound particles with scale 
shown. The SEM data fur both the CaO1.2Zr0.8S1 5 and Sr0.2Zroý. SSi. x product materials 
showed a mixture of particles with different shapes and sizes, reflecting the multiple 
phases shown in the XRD data. The results of the various reaction conditions and the 
products formed are summarised in table 11.2.1. 
i 
Ilk i 
Figure 11.2.3a. and 11.2.31). SV M images ofCa_27. r,,,, Si., s reacted at 1300"C 
Figure 11.2.4a. and 11.2.4b. SFM images of Sri, 2Lroý. 8Si. R reacted at 1 300"C 
W 
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Table 11.2.1. Summary of reaction conditions and products 
Target compound Reaction Conditions Product 
Temp (°C) Time (hr) 
CaO 2Zro 8S ig 1200 36 CaZrS3 + ZrS, 
Cao2Zro8S18 1200 48 CaZrS3 + ZrS2 
CaO 2Zro 8S1$ 1250 36 CaZrS3 + ZrS2 
Ca02Zro8S18 1250 48 CaZrS3+ ZrS2 
CaO 2Zro 8518 1300 36 CaZrS3 + ZrS2 
Cao2Zro$S, $ 1300 48 CaZrS3+ ZrS2 
Sro2Zro$S18 1200 36 SrZrS3 + ZrS2 
SrO2Zro8S1$ 1200 48 SrZrS3 + ZrS2 
Sr02Zr08S18 1250 36 SrZrS3 + ZrS2 
Sr02Zro8S18 1250 48 SrZrS3 + ZrS, 
SrO2Zro$S1$ 1300 36 SrZrS3 + ZrS2 
SrO2ZrRS1$ 1300 48 SrZrS1 + ZrS2 
A further 1100°C / 12h pressed pellet sintering of the sulfide materials in a flowing 
H2S atmosphere yielded the same results. 
Compound Sintering Conditions Product 
Temp (°C) Time (hr) 
CaO 2Zro 8SI g pellet 1100 12 CaZrS3 + ZrS2 
Sr 2ZrO 8S1 pellet 1100 12 SrZrS1 + ZrS, 
Mixtures prepared in the analogous oxide system CaO. 2Zro. 801.8 which contained 
20mol% CaO in Zr02, formed stable cubic solid solutions when heated above 
1200°C. The corresponding sulfide solid solution phases Ca0.2Zr0.8S1.8 and 
Sr0,2Zro. 8S1,8 could not be formed under similar synthetic conditions. The product of 
reaction under all conditions attempted was the stoichiometric phase MZrS3 (M = 
Ca/Sr). Test syntheses were also attempted at (x = 0.1) for calcium and strontium 
systems but these produced the same results, indicating that stable doped sulfide 
phases of the form MXZr1. XS2. X (where M= Ca or Sr) were not achievable under the 
reaction conditions studied. Other zirconia-based materials such as ZrS2-xNd2S3 
(where x=5- 10mol%) were also investigated but results under all conditions 
attempted yielded no observable reactions. 
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11.2.4. Conclusions 
The host compound in these materials, ZrS2 has been found to be able to support 
ordered sulfide vacancies within the structure of the undoped compound. '4 This 
presents the possibility of stabilising potential vacancies at ambient temperature by 
means of chemical doping with CaS and SrS, similar to the methods used in stabilised 
oxide zirconias. 9 However results showed that the non-stoichiometric sulfide phases 
Ca0.2Zr088S1.8 and Sr0.2Zr0.8S1.8, analogous to calcia doped zirconia, could not be 
produced with the applied reaction conditions and that for further attempts 
significantly higher reaction temperatures >1300°C would be required. Collected data 
showed that reaction conditions of 48 hours at 1300°C, followed by 12 hour pressed 
pellet sintering at 1100°C, were not sufficient to produce the Ca0.2Zr0.8S 1.8 and 
Sr022Zro. 8S1.8 doped sulfide analogue compounds. After multiple reaction conditions 
attempted, various syntheses all produced the stoichiometric compounds CaZrS3 and 
SrZrS3 as the main reaction product (table 11.2.1). The M2+ ions in the compound 
would not effectively substitute onto the zirconium sites in the ZrS2 lattice to form a 
solid solution under all reaction conditions employed. In the analogous oxide system 
Zr02-xCaO, as the calcia dopant concentration decreased within the mixture, the 
synthesis temperature required to produce a stable cubic phase increased 
significantly, with the Zr02-10mol%CaO mixture in the analogous oxide system 
requiring temperatures of above 1800°C in order to form a stable solid solution. There 
are a series of general added difficulties associated with the preparation of sulfide 
compounds. The preparation of hygroscopic, air sensitive sulfide materials at very 
high temperature is a non-trivial task, relative to the simple open boat syntheses used 
with oxides. Silica tubes cannot be used for reactions carried out above 1300°C and 
all sulfide syntheses involving temperatures >1300°C would require specialised 
sealed metallic Nb/Ta ampoules or sintering of materials in a H2-H2S atmosphere at 
temperatures up to 1700°C. Further investigation of these materials could involve the 
high temperature sulfidation of prepared Ca0.2Zr0.8S1.8 and Sro. ZZro. 8S1, g samples at 
1700°C, to introduce M2+ dopants into the ZrS2 lattice, in order to exploit stabilised 
sulfide vacancies in the doped structure, potentially leading to sulfide-ion conduction 
within these systems. 
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CHAPTER 12 
Preparation of BaHfl_XZrXS3 (where x=0-2.0) 
solid solution series 
12. Preparation of BaHfi_XZr, S., (x =0-1.0) solid solution series 
12.1. Introduction 
A solid solution was prepared involving the ABS3 perovskite type sulfide materials 
BaZrS3 and BaHfS3 as end-member compounds of a BaHfl.,, Zr,, S3 solution series. The 
ambient temperature structure of the sulfide compounds BaZrS31 and BaHfS3 2 
crystallise with the orthorhombic space group Pnma with approximate cell parameters 
a=7.06A, b=9.98A, c=7.02A and a=7.01 A, b=9.92A, c=7.00A respectively. 
The aim of this chapter was to prepare a solid solution series of novel mixed-cation, 
orthorhombic (Puma) structured perovskite type sulfides involving BaHfS3 and 
BaZrS3 end-member materials and to study the changes in colour, structure and 
properties across the series as the stoichiometry changes. 
12.2. Experimental 
The BaHf1. XZrS3 materials were prepared by the 
direct combination of BaS, HfS2 
and ZrS2 in the correct molar quantities to produce a solution series of BaHf1, Zr,, S3 
sulfide compounds with varying hafnium and zirconium stoichiometries. The 
prepared reaction mixtures were finely ground with a pestle and mortar under argon 
in the glove box and were transferred into silica tubes, which were evacuated on a 
high vacuum line and weld-sealed. Reaction vessels for all BaHfl.,, Zr,, S3 materials 
were heated to 1050°C at a rate of 1°C /min, where the furnace was allowed to dwell 
for a period of 24 hours. Initial phase determinations were obtained from XRD data in 
the range 25 - 65 ° collected over a period of 1 hour. Refinement quality XRD data 
were collected across the range 25 - 110° over a period of 15 hours. Monochromatic 
Cu (Kai) radiation was used and scans were run with a step size of 0.014°. SEM 
image data were collected for BaHfi. XZrXS3 materials and powdered samples were 
mounted onto 10mm diameter mounting stubs; data were collected using a 
Cambridge Instruments Stereo-scan 360 machine, producing a range of images with 
typical scales of 20µm. UVNis spectra were also collected for each of the sulfide 
materials and used to investigate and compare changes in colour and visible range 
absorption spectra across the series with the changing hafnium / zirconium content of 
each of the materials. Colour measurements and visible absorption data were 
collected for sulfide samples using a Perkin-Elmer Lambda 35 UVNis spectrometer, 
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with a Ti02 blank standard. Absorption data were collected across range 400-800nm, 
with data intervals of Iran and a scan speed of 240nm/min. Data were plotted as 
wavelength vs percentage relative absorption and analysed using the UV Winlab 
software. 
12.3. Results and Discussion 
12.3.1. XRD Data 
All materials in the BaHfl_,, Zr,, S3 system were successfully synthesised and all 
compounds in the series crystallised with the orthorhombic space group Pnma. The 
materials displayed approximate cell parameters ranging from (a = 7.01A, b=9.92A 
and c=7.00A) to (a = 7.06A, b=9.97A and 7.02A). The XRD data obtained for the 
materials in the BaHfi_,, Zr,, S3 series is shown overlayed in Figure 12.1. 
BaHfl -xZrxS3 Series 
1) BaHfS3(undoped) 
2) BaHfo. 75Zro. i5S4 
3) BaHfo. sZro. 5S4 
4) BaHfo. 25Zro. 75S4 
5) BaZrS3(undoped) 
Data ascending from x axis 
2M 
wo 
rC00 
mm , um 
le= 
17 
C_ 
11000- 
QDW 
mm 
ODOD 
4DM 
DM 
a 30 so A 80 90 100 
2-Theta - Scale 
Figure 12.1. Powder XRD pattern obtained for materials in the BaHfi.. Zr,, S3 series, 
data are shown overlayed and data ascending the y-axis with 
increasing zirconium content. 
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12.3.2. Structure refinement 
Table 12.1. Refined Atomic Parameters for materials in BaHfl.,, Zr,, S3 series 
(e. s. d. 's are given in parenthesis) 
x= BaHfS1 BaHfo 7 Zro Z S1 BaHfo SZro SSl BaHf, _, 
Zr, S, BaZrS1 
Crystal system Orthorhombic Orthorhombic Orthorhombic Orthorhombic Orthorhombic 
Space group Pnma Pnma Pnma Pnma Pnma 
Cell parameter a Af 7.0123(2) 7.0183(5) 7.0420(4) 7.04975 7.05619 
Cell parameter b (4 9.9227(3) 9.9076(8) 9.9146(6) 9.96307 9.97315 
Cell parameter c .4 7.0008(3) 7.0407(7) 7.0119(3) 7.01642 7.01901 
S, (x) 0.0004(1) 0.0101(4) 0.0088(2) 0.0033(1) 0.0072(1) 
S, () 0.2500000 0.250000 0.250000 0.250000 0.250000 
S, (z) 0.4629(2) 0.4380(9) 0.5480(4) 0.5298(2) 0.4512(2) 
S2 (x 0.2088(2) 0.1764(2) 0.2185(2) 0.2249(2) 0.2169(2) 
S2 () 0.0312(1) 0.0184(2) 0.0203(2) 0.0371(1) 0.4700(1) 
S2 (z 0.7952(2) 0.7984(3) 0.8100(2) 0.7972(2) 0.2067(2) 
Ba (x) 0.0335(3) 0.0218(4) 0.0250(4) 0.0269(4) 0.0365(4) 
Ba (y) 0.2500000 0.2500000 0.2500000 0.2500000 0.2500000 
Ba (z) 0.0076(l) 0.0156(5) 0.0046(1) 0.0055(1) 0.0070(1 
Zr, Hf, (x) shared site) 0.000000 0.000000 0.000000 0.000000 0.000000 
Zr, Hf, (shared site) 0.000000 0.000000 0.000000 0.000000 0.000000 
Zr, Hf, (z) shared site 0.500000 0.500000 0.500000 0.500000 0.500000 
S occupancy 1.0000 1.0000 1.0000 1.0000 1.0000 
Baý'occupancy 1.0000 1.0000 1.0000 1.0000 1.0000 
Zr *occupancy 0.0000 0.2500 0.5000 0.7500 1.0000 
H+ occupancy 1.0000 0.7500 0.5000 0.2500 0.0000 
U;. (S, 0.019](3) 0.0227(2) 0.0303(3) 0.0224(1) 0.0205(2) 
U; ý. (S 0.0088(2) 0.0104(1 
0.0217(5) 0.0116(l) 0.0108(2) 
U1 ,,, (Ba) 0.0073(5) 0.0089(4) 
0.0119(2) 0.0092(3) 0.0065(1 
U, (Zr, H (shared site) 0.0127(3) 0.0231(3) 0.0184(1) 0.0176(2) 0.0197(2) 
0.0444 0.0626 0.0791 0.0753 0.0472 
3.475 11.62 13.40 12.15 3.781 
Full Rietveld profile refinements were carried out on all materials in the BaHfi.,, Zr,, S3 
series using the GSAS3 suite of programs and initial stages of refinement included 
profile parameters such as background, scale factor and cell parameters. Atomic 
positions were then refined together with temperature factors and peak shape 
parameters. The refinement profiles obtained for BaHfl_,, Zr,, S3 materials are shown in 
Figures (12.2 -12.6). 
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Figure 12.2. Refinement profile for BaHfS3 (upper solid line represents observed 
data and the upper crossed line the calculated pattern, the lower solid 
line represents the fit) 
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Figure 12.3. Refinement profile for BaHf0.75Zr0.25S3 (upper solid line represents 
observed data and the upper crossed line the calculated pattern, the 
lower solid line represents the fit) 
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Figure 12.4. Refinement profile for BaHf0.5Zr0.5S3 (upper solid line represents 
observed data and the upper crossed line the calculated pattern, the 
lower solid line represents the fit) 
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Figure 12.5. Refinement profile for BaHf0.25Zro. 75S3 (upper solid line represents 
observed data and the upper crossed line the calculated pattern, the 
lower solid line represents the fit) 
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Figure 12.6. Refinement profile for BaZrS3 (upper solid line represents observed 
data and the upper crossed line the calculated pattern, the lower solid 
line represents the fit) 
12.3.3. Structural and bond valence data 
Table 12.2. Derived bond lengths for materials in the BaHfl_,, Zr,, S3 series (tý) 
(e. s. d. 's are given in parenthesis) 
Compound BaHfS3 BaHfO. 7sZrO. 2jS3 BaHfo. sZr0 S3 BaHf1_, Zr, S3 BaZrS3 
3.302(19) 3.20(6) 3.141(29) 3.265(21) 3.231(18) 
Bond length Ba - SI 3.283(8) 3.325(28) 3.420(16) 3.363(11) 3.244(12) 
3.757(9) 3.85(6) 3.875(29) 3.760(21) 3.856(13) 
3.084(10) 3.087(18) 3.161(14) 3.129(13) 3.158(11) 
Bond length Ba - S2 3.392(12) 3.156(18) 3.276(14) 3.470(15) 3.416(13) 
3.469(12) 3.824(16) 3.649(13) 3.475(15) 3.447(14) 
Bond length (Hfl Zr) - SI 2.4942(15) 2.516(11) 2.502(4) 2.4996(14) 2.5172(21) 
Bond length (Hf/Zr) - S2 2.514(15) 2.445(21) 2.397(16) 2.434(18) 2.487(13) 
2.551(15) 2.681(20) 2.671(18) 2.646(18) 2.583(13) 
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Table 12.3. Derived bond angles for BaHfl_XZr,, S3 materials (e. s. d. 's are given in 
parenthesis) 
BaHf1_, Zr, S3 material compound stoichiometry 
S-M-S BaHfS3 BaHfO. 7sZr02 S3 BaHfo. 5Zro. 5S3 BaHf0,2 Zr07 S3 BaZrS3 
Angles e. s. d. 's are given in pa enthesis 
SI-Bal-S1 88.67(24) 84.6(11) 87.0(6) 90.02(34) 88.54(32) 
114.02(28) 116.0(4) 114.32(33) 115.95(33) 112.82(28) 
S1-Bal-S2 65.73(23) 58.30(4) 63.29(34) 65.05(28) 64.48(31) 
66.27(25) 64.30(6) 67.60(4) 67.80(30) 64.98(26) 
110.7(4) 114.8(6) 109.8(5) 111.0(4) 109.7(4) 
S2-Bal-S2 79.44(33) 74.6(4) 78.91(28) 81.70(32) 80.67(35) 
167.19(18) 170.4(4) 170.62(33) 166.73(31) 166.85(22) 
89.50(5) 96.0(6) 92.2(5) 85.4(5) 88.0(5) 
S1-Hf/Zrl-SI 179.966(0) 180.000(0) 180.000(0) 179.980(0) 179.966(0) 
92.1(4) 97.7(11) 91.7(7) 93.9(6) 91.0(4) 
S1-Hf/Zrl-S2 86.4(4) 82.3(11) 87.2(8) 83.7(6) 88.6(5) 
87.9(4) 86.3(14) 88.3(7) 86.1(6) 89.0(4) 
90.62(12) 91.85(22) 91.02(15) 90.26(14) 90.17 10) 
S2-Hf/Zrl-S2 180.000(0) 180.000(0) 179.966(0) 179.972(0) 179.966(0) 
89.38(12) 88.15(22) 88.98(15) 89.74(14) 89.8310) 
Table 12.4. Bond valence data for materials in the BaHfl_,, ZrrS3 series 
(e. s. d. 's are given in parenthesis) 
Compound Metal ion Bond valence value 
BaHfS3 Ba + 2.2(1) 
Zr 4+ 4.2(1) 
Ba + 2.2(1) 
BaHfO. 75Zro. i5S3 Hf + 4.3(1) 
Zr 4+ 4.3(1) 
Ba + 2.2(1) 
BaHfo. 5Zro. 5S3 Hf + 4.4(1) 
Zr 4+ 4.4(1) 
Ba 2ý 2.2(1) 
BaHfo. 25Zro. 75S3 Hf ' 4.2(1) 
Zr 4+ 4.3(1) 
BaZrS3 Ba + 2.2(1) 
Zr 4+ 4.3(1) 
Bond valence calculations for BaHfj. XZr,, S3 sulfide materials showed that all 
compounds in the series were structurally stable, with all cations having valences 
close to their theoretical ideal values (Ba2+ = 2.0 ±0.2, Hf 4+/Zr4+ = 4.0 ±0.3), values 
for the BaHf0.5Zr0,5S3 material indicated a slight structural distortion with Hf 4+/Zr4+ _ 
4.4, which is still within acceptable limits for a doped system. The primitive 
orthorhombic (Puma) lattice structure of the BaHf1, Zr, tS3 materials is shown in 
Figure 12.7. 
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Figure 12.7. Space filling, 
, 
diagram of the primitive orthorhombic (Pnma) structure 
adopted by all compounds in the Batlfi_, Zr, S; series (large light 
shaded spheres represent sulfide-ions, small dark shaded spheres 
represent ßa2 f cations and the smallest dark shaded spheres represent 
the (I 1f4ý/ Zr4t) shared cation sites). 
Graph of dopant concentration vs cell parameter for materials in 
the BaHf(1-x)Zr(x)S3 series 
7.07 
i 7.06 
ö 7.05 
äý 7.04 
7.03 
7.02 
E 
7.01 
Q. 7 
9) 6.99 
6.98 
Graph 12.1. Relationship between dopant concentration and cell parameter (a) in 
the BaHfi_, Zr, S3 solid solution series. 
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BaHfS3 BaHf075ZrO. 25S3 BaHfO. 5ZrO. 5S3 BaHfO. 25Zr0.75S3 BaZrS3 
compound stoiciometry 
12.3.4. UV/Visible absorption data 
The sulfide materials in the BaHfl_XZr,, S3 series were analysed by UV/Vis absorption 
spectrometry and the variations in absorption with changing compound stoichiometry 
were recorded. All materials in the BaHfl_. Zr,, S3 series displayed similar characteristic 
UVNis spectra with all samples showing similar absorption curves offset, with the 
exception of the BaZrS3 end-member material, which showed a flatter spectrum 
relative to the other materials in the series. The BaHfS3 end-member material had a 
maximum absorbance around 43% (RA), the BaHf0.75Zr0.25S3 material had maximum 
absorbance around 38% (RA), the BaHf0.5Zr0.5S3 material had maximum absorbance 
around 35% (RA), the BaHf0.25Zro. 75S3 material had maximum absorbance around 
36% (RA) and the BaZrS3 end-member material had a maximum absorbance around 
22% (RA). Collected UV/Vis absorption data for the materials in the BaHfl_,, ZrXS3 
series are shown overlayed in figure 12.8, with a summary of results shown in table 
12.5. 
50.0 
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40 
35 
%RA 
30 VIV 
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nm 
Figure 12.8. UV/Vis absorption spectra obtained for materials in the BaHfl, Zr,, S3 
series 
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Table 12.5. Summary of UV/Vis absorption data for BaHfl. XZr,, S3 samples. 
Compound (nm) % RA 
(relative absorbance) 
a,;,, (nm) % RA 
(relative absorbance) 
BaHfS3 800 43.12 549 31.42 
BaHf07 Zro. 2SS3 800 38.64 570 28.50 
BaHf05Zr0 S3 800 35.17 577 29.98 
BaHfo. 25Zr07 S3 800 35.83 586 25.97 
BaZrS3 400 22.49 435 19.34 
The BaHfS3 material displayed a dark red colouration before doping and as increasing 
amounts of zirconium were introduced into the system, the colouration of the 
materials became gradually darker and less red until the end-member material 
stoichiometry BaZrS3 was reached, which had a very dark grey colouration. The 
materials in the series showed a smooth colour transition from the dark red to the dark 
grey colour, with the middle-member compound BaHf0.5Zr055S3 having a dark red- 
grey colouration, which represented an equal mixture of the two end-member colours. 
This indicated that a good solid solution was achieved in the stoichiometry range 
studied. 
12.3.5. SEM data 
SEM data were collected from powdered BaHf1., tZrXS3 samples mounted on 10mm 
diameter adhesive backed mounting stubs and images were produced using a 
Cambridge Instruments Stereo-scan 360 machine. Image scales are shown at bottom 
left of images and typical scales were 1001im. SEM data obtained for materials in the 
BaHft_XZr. S3 series are shown in Figures (12.9 -12.13). 
316 
lor 
i". ) .. _ llýj 
Figure 12.10. SNM image oi' lRal 11;, _7; 
LrU, 2 S3 (s(ale =1 UUum) 
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Figure 12.9. SIiM image ol'Hal lid; (scale IOUunz) 
Figure 12.11. S{: M image of'BaHt() _; 
lro,.; S3 (scale /OLum) 
3U 
Figure 12.12. SEM image uC Ral I1;, _2 
tr(, 75S3 (scale 1OOum) 
The collected data for the materials in the BaHfi_, Zr, S; series show that the hafnium 
rich materials have a rough and jagged surface texture relative to the smoother and 
flatter nature of the zirconium rich materials. The surface texture of BaIlfS3 is 
relatively rough and uneven, this particle roughness gets less in the BaHf 7; Zro2; S3 
material as zirconium is introduced into the structure. The mid-range compound 
BaHfO, 5ZrO 5S3 has a texture, which is representative of a 50: 50 mixture between the 
smooth and rough particle surfaces of the zirconium (BaZrS3) and hafnium (Bal IlS; ) 
end-member compounds. 'T'here was no dramatic change in particle size across the 
series and all materials appeared to be well divided and finely ground. The 
BaHfn. 25Zr, ) 75S; material displayed more of the smooth surface character of the 
zirconium material, reflecting its high zirconium content. The smooth transition of 
surface texture and physical properties indicates that a good solid solution was 
achieved across the stoichiomctry range studied. 
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Figure 12.13. SI; M image ýýt 13alrS; (scale 1UUum) 
12.4. Conclusions 
All materials in the BaHfi.,, Zr,, S3 series were successfully synthesised and all 
prepared materials crystallised with the same orthorhombic space group (Puma), with 
(a) cell parameters forming a linear range, e. g. a varies from 7.00A to 7.06A with 
increasing zirconium content, as shown in graph 12.1. The change in cell parameter 
across the series was also observed in the collected XRD data, with small peak shifts 
to a higher angle 20 representing a decrease in the compound cell parameter (from 
Bragg's law, )Jd = 2sin0) with the increasing hafnium content of each material. The 
diffraction peaks for the hybrid BaHf1.,, Zr,, S3 materials, which contained varying 
stoichiometric quantities of hafnium and zirconium, were positioned on the 2-theta 
scale between the indexed those for the BaHf% and BaZrS3 materials as displayed in 
the JCPDS 4 files. 
The colouration of the materials as observed from the collected UV/vis absorption 
data, also changed consistently from the dark red colour of the BaHfS3 end member 
compound to the dark grey colour of BaZrS3. The mid-range doped compound 
BaHf0,5Zr0.5S3 displayed a red-grey colouration representing an equal mixture of the 
two end-member compounds, which indicated that a good solid solution was formed 
across the stoichiometry range. Bond valence calculations showed that all compounds 
in the series were structurally stable, with all cations having valences close to their 
theoretical ideal values (Ba2+ = 2.0 ±0.2, Hf 4+/Zr4+ = 4.0 ±0.3). The mid-range 
compound containing a 50: 50 mixture of hafnium and zirconium ions, indicated a 
slight structural strain on the Hf/Zr site with a calculated valence value of 4.4, but this 
is still within acceptable limits for structural bond valence calculations. SEM data 
collected for the materials in the BaHf1, Zr,, S3 series showed that the hafnium rich 
materials had a rough and jagged surface texture relative to the smoother and flatter 
nature of the zirconium rich materials and as the series was transversed, the surface 
texture of the particles got smoother with increasing zirconium content and the 
relative change in surface texture occurred at a proportional rate. The smooth 
transition of surface texture and physical properties in the BaHf1. XZr,, S3 materials also 
further indicated that a good solid solution was achieved across the stoichiometry 
range studied. 
A solid solution was successfully prepared between the two end-member compounds 
BaHfS3 and BaZrS3, which both crystallised with the same orthorhombic structure 
and space group (Puma). A possible set of further work could involve the preparation 
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and investigation of a solid solution between BaTiS3 and BaTaS3 compounds, which 
both share the same hexagonal structure and both crystallise with space group P63/m; 
this would lead to another novel set of complex sulfide materials of the form BaTil. 
XTa, S3 and possible further doping of these materials with gallium (III) or iron (III) 
could lead to a new set of compounds with possible sulfide-ion conducting properties. 
The doping of the ABS3 type sulfide compounds BaTiS3, BaTaS3, BaHfS3 and 
BaZrS3 with gallium (III), yttrium (III) and indium (III) respectively has already been 
successfully undertaken in this work. 
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CHAPTER 13 
Preparation and characterisation of various 
complex sulfides by sol-gel methods 
i 
13. Preparation and characterisation of sulfides by solution methods 
13.1. Preparation of AgMS2, Cu3Pd13S7 and AgSPd10S5 systems by solution-based 
method 
13.1.1. Introduction 
Solvothermal syntheses are differentiated from standard solid-state ceramic synthesis 
methods by the fact that the reaction is carried out in a liquid media. The aqueous 
environment allows reactions to be carried out at significantly lower temperatures and 
with substantially reduced reaction times relative to the solid-state equivalent. These 
synthetic advantages are primarily to do with the reduced particle sizes of the 
compounds during the reaction step. In solution, molecules are dispersed to a far 
greater extent, and have a higher degree of mobility than the particles in solid-state 
reactions. This process allows the compounds in the mixture to react together more 
quickly and efficiently. Sulfide materials of the form AgMS2 and related compounds 
have been found to show high levels of ionic mobility, 1,2 though conductivity is 
mainly restricted to the motion of cations through the structure. At a temperature of 
approximately 150°C, the material begins to disorder and the conductivity of the 
sulfide compound increases. At a temperature of approximately 270°C the structure is 
highly disordered and the material undergoes a transition to a fast ion conducting 
state. The aim of this work was to synthesise sulfide compounds of the form AgMS2 
via solution-based methods and to investigate the structure and properties of the 
materials. The liquid phase reaction for the compounds of the form AgMS2 involves 
starting materials being solvothermally reacted in solution at approximately 200°C for 
10 hours in an autoclave and the product then being filtered and washed. The reaction 
process for the formation of these compounds involved the co-ordinating solvent 
ethylenediamine, which had a catalytic role in the synthesis. The preparation 
conditions for the sulfide compounds of the form AgMS2 were outlined in a study on 
the solvothermal synthesis of nanocrystalline sulfide materials. 3 The reaction 
conditions for the AgMS2 synthesis are atypical of most ceramic reactions, in that the 
reaction is performed in an organic solvent in an autoclave at just 220°C. The use of 
the co-ordinating solvent dramatically reduces the required reaction temperature. 
Rietveld refined data and atomic positions for the AgGaS2 system, were obtained 
from previous work by S. C. Abrahams el al. 4 The system was found to have the 
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tetragonal space group I-42d. Palladium substituted perovskite materials have also 
been shown to exhibit interesting anionic conduction properties and have been used in 
catalytic applications. 5 The attempted solvothermal synthesis of cubic palladium 
containing complex sulfide materials Cu3Pd13S7 and Ag5Pd10S5 were also carried out 
by autoclave synthesis using an ethylenediamine solvent. 6 The aim of this work was 
to prepare the complex sulfide materials by solvothermal methods and to assess the 
materials stability, properties and suitability for potential sulfide-ion conductivity 
applications. 
13.1.2. Exnerimental 
The preparation method for this group of compounds was fundamentally different 
from the others. It involves an ethylenediamine solvent in the reaction step. In this 
process, the coordinating solvent plays an important role in the formation of the 
AgGaS2 compound. In the synthesis, analytical grade AgC1(1.0g), Ga (0.648g) and S 
(0.447g) were put into an autoclave of 50m1 capacity, then the autoclave was filled to 
65% of capacity with ethylenediamine. The autoclave was then maintained at 180- 
230°C for 10 hours, then allowed to cool to room temperature. The precipitate was 
then washed sequentially with CS2, absolute ethanol, dilute acid, aqueous ammonia 
solution and distilled water, to remove residual impurities and then filtered, dried and 
H2S annealed. The preparation method for the palladium based compounds Cu3Pd13S7 
(1) and Ag5Pd10S5 (2), involved the combination of CuC12, PdC12 and sulfur with the 
molar ratio of 3: 13: 7 for (1), and AgNO3, PdC12 and sulfur, with the molar ratio of 
5: 10: 5 for (2), respectively. Reaction mixtures were loaded into 100ml Teflon lined 
autoclaves, which were filled with anhydrous ethylenediamine to 2/3rds of the total 
volume. The autoclaves were sealed and maintained at 140-160°C for 10 hours, then 
cooled to room temperature naturally. The precipitates were filtered and washed 
repeatedly with distilled water, and absolute ethanol, to remove impurities and then 
filtered, dried and H2S annealed. All dry samples were transferred to XRD mounting 
discs, and placed in the X-ray diffractometer, for PXD analysis. Primary Rietveld 
analysis was performed, using powder XRD data collected in the range 25 - 90° over 
a period of 15 hours. Monochromatic Cu (Kai) radiation was used, and the scan was 
run at a step size of 0.014°. 
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13.1.3. Results and Discussion 
13.1.3.1. XRD data 
The compound AgGaS2 crystallised with the tetragonal space group I-42d and 
collected powder diffraction data showed peak positions and intensity ratios for the 
product compound matched the JCPDS 7 indexed pattern for tetragonal AgGaS2.4 The 
AgMS2 materials displayed good oxidation stability up to a temperature of 400°C, 
however only small quantities (<lg) of these compounds were produced, due to 
irreversible damage to reaction vessels and very low relative yield of reaction. 
AgGaS2 
Figure 13.1. Powder X-ray diffraction data collected for the compound AgGaS2 
referenced to JCPDS 7 indexed diffraction files for tetragonal silver 
gallium sulfide. 4 
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13.1.3.2. SEM data 
SEM data were collected from powder samples mounted on 10mm diameter adhesive 
backed mounting studs, using a Cambridge Instruments Stereo-scan 360 machine and 
images were produced with a scale of 100µm. SEM data for the compound AgGaS2 is 
shown in Figure 13.2. The left image (a) shows the füll SEM image obtained together 
with scale (pni), and the image on the right (b) shows a 100furn magnified region of 
the compound particles. 
Figure 13.2a. and 13.2b. SEM images of sulfide material AgGas, with scales shown 
The SEM data collected Im the sulfide compound AgGaS2 showed irregular shaped 
particles with a slightly layered appearance, in the size range 70-90µm, attributable to 
the very small quantity of sample hindering the efficiency of post reaction grinding. 
The XRD pattern for the compound did not show any significant crystalline impurity 
phase present. 
13.1.3.3. TPO data 
Initial "Ilk) data collected for the AgGaS2 sulfide material showed that the compound 
was relatively stable in oxygen, not undergoing decomposition until a temperature of 
400°C, at which point the compound underwent a gradual oxidation with a peak at 
just under 800"C' as shown in Figure 13.3. 
326 
TPO of AgGaS2, HR=20K/min, mass=7.3mg 
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Figure 13.3. Temperature programmed oxidation profile obtained for the sulfide 
material AgGaS2 (heating rate = 20K/min) 
The palladium based compounds Cu3Pd13S7 and Ag5Pd10S5 were reacted at a range of 
temperatures between 140 - 200°C, but were not formed under all reaction conditions 
attempted, with collected diffraction data showing the presence of unreacted starting 
materials palladium sulfide, silver sulfide and copper sulfide respectively. 
13.1.4. Conclusions 
The compound AgGaS2 crystallised with the tetragonal space group I-42d and 
collected powder XRD data showed peak positions and intensity ratios for the product 
compound matched the JCPDS 7 indexed pattern for tetragonal AgGaS2 4 The AgMS2 
materials displayed good oxidation stability up to a temperature of 400°C, however 
only small quantities (<lg) of these compounds were produced, due to irreversible 
damage to reaction vessels and very low relative yield of reaction. The palladium 
based sulfide materials Cu3Pd13S7 and Ag5Pd10S5 could not be formed under all 
synthesis conditions and reaction temperatures employed. The target materials were 
cubic structured but did not however, crystallise with the same perovskite structure as 
the palladium oxide materials. The potential for anionic conductivity in these systems 
was therefore limited. The peak positions and intensity ratios for the AgGaS2 
compound matched the indexed XRD pattern for tetragonal silver gallium sulfide. 
This compound has been characterised previously in the literature, 4 together with 
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other members of the AgMS2 and CuMS2 systems, all materials were found to 
crystallise with the tetragonal space group I-42d 4 Only small quantities of the AgMS2 
type compounds were produced due to the synthetic difficulties and very low yields 
discussed previously. 
The data collected for the various solution-based syntheses undertaken in this work 
including the solvothermal synthesis of the undoped CaNd2S4 material, have shown 
that in all cases, while it is possible to form complex sulfide materials by the 
solvothermal method, the products obtained in most cases are significantly lower in 
yield and tend to include impurity phases more often than are found in the standard 
solid state synthesis method. Complex oxide materials are more readily made, in pure 
form by solution-based methods relative to sulfides, due to the various issues with 
oxygen and water reactivity present in sulfide synthesis. From all data collected, the 
results showed that the controlled-atmosphere, solid-state method of sulfide 
preparation was far more efficient and in most cases yielded a product compound 
with a higher level of purity than that produced by the solvothermal method. 
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CHAPTER 14 
Conductivity of prepared sulfide materials 
1 14. Electrochemical characterisation of prepared sulfide materials 
14.1. Pellet formation (pre-annealing) 
Pellets used for conductivity measurements and A. C. impedance tests were all 
prepared with dimensions 20mm diameter x lmm thickness. Pellets were annealed 
under an atmosphere of H2S in H2 (10/90%) at temperatures >1200°C for 8 hours. 
Compounds, which were to be annealed, were first pressed into pellets, the process of 
which is outlined below. 
In order to successfully test the conductivity of the new sulfide materials synthesised, 
the compounds must first be formed into a stable pellet. The pellets formed must be 
` robust enough not to crack or disintegrate during testing, while being as thin as 
possible prior to annealing. The results of various experimental binding agents and 
pressing methods used to achieve the optimum pellet density are listed in the table 
14.1, below (test compound CuS) 
Table 14.1. Experimental process for the pelletisation of prepared sulfide materials 
Amount of 
sulfide 
Pressure used 
(tons) 
Time pressed 
(min), rotate, min 
Binding agent Resultant pellet 
3.00 12 10,30 none Pellet cracked 
3.00 12 10,30 2 drops mineral oil Pellet cracked 
3.00 12 10,30 2 drops diethyl ether Pellet formed too thick 
3.00 12 10,30 2 drops hexane Pellet formed too thick 
3.00 12 10,30 1 drop PVA solution Pellet formed too thick 
3.00 12 10,30 2 drops PVA solution Pellet formed too thick 
2.50 12 10,30 none Pellet cracked 
2.50 12 10,30 2 drops mineral oil Pellet cracked 
2.50 12 10,30 2 drops diethyl ether Pellet too thick 
2.50 12 10,30 2 drops hexane Pellet too thick 
2.50 12 10,30 1 drop PVA solution Pellet very fragile 
2.50 12 10,30 2 drops PVA solution Pellet too thick 
2.00 12 10,30 none Pellet cracked 
2.00 12 10,30 2 drops mineral oil Pellet cracked 
2.00 12 10,30 2 drops diethyl ether Pellet very fragile 
2.00 12 10,30 2 drops hexane Pellet very fragile 
2.00 12 10,30 1 drop PVA solution Pellet very fragile 
2.00 12 10,30 2 drops PVA solution Fragile pellet formed 
1.50 12 10,30 none Broken pieces 
1.50 12 10,30 2 drops mineral oil Pellet cracked 
1.50 12 10,30 2 drops diethyl ether Pellet cracked 
1.50 12 10,30 2 drops hexane Pellet cracked 
1.50 12 10,30 1 drop PVA solution Pellet fragile 
1.50 12 10,30 2 drops PVA solution Robust pellet formed 
1.00 12 10,30 none Broken pieces 
1.00 12 10,30 2 drops mineral oil Pellet cracked 
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1.00 I' M. 1l) 2 drops diethyl ether Broken pieces 
1.00 12 10,30 2 drops hexane Broken pieces 
1.00 12 10,30 1 drop PVA solution Pellet cracked 
1.00 12 10,10 2 drops PVA solution Pellet cracked 
Repeated pellet tests determined that the most efficient binding agent for the sulfide 
materials was 0.1 molar I'VA solution and all sulfide materials were prepared 
accordingly. Pellets were compressed at a pressure of 12 tons for 10 minutes then the 
pressure was released, the die and pellet mounting were rotated 180° and pellets were 
then re-pressed at 12 tons I'm a Further 30 minutes. After this time pellets were 
removed from the press and annealed in II2S: sintering times and conditions varied 
for each sulfide compound. depending on the stability and synthesis temperature of 
each material. "I he purpose of the sintering is to increase the density of the pellets and 
to bring it as close as possible to the calculated theoretical density. The sintering also 
acts to remove or minimise any extended disorder within the bulk structure, so that as 
far as possible any remaining defects are stoichiometric (e. g. vacancies) rather than 
physical (e. g. cracks or voids within the pellet). It was found to be very important for 
making sulfide pellets successfully, to get the material flat and evenly distributed 
across the bottom of' the internal chamber within the die. Also the efficient and 
thorough grinding ot'the sullides before pellet pressing was also found to be a crucial 
factor as the particle size of the material has a significant effect on the final surface 
texture of the pellet. 
Figure 14.1. SFM image of pellet made from unground CaNd2S4 powdered sulfide 
material sintered at 1200°C. 
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Figure 14.2. SI: M image oi'pellet made from CaNd2S4 sulfide material, which was 
ground thoroughly, sieved to <3 µm and sintered at 1200°C. 
In order to obtain accurate conductivity data from an ion-conducting ceramic material 
and to collect adequate impedance measurements reflecting the true electrical 
properties of' the material under investigation, it is very important to produce 
sufficiently dense pellets of the material being tested. A high sintering temperature is 
required for sufficient shrinking and densification of complex sulfide pellets to occur. 
As the sintering process is a thermodynamically controlled process. heating times are 
far less important than sintering temperatures and sulfide pellet annealing tests 
showed that in the case of each material there is a temperature threshold, which is 
required for successful sintering of' the particular material. Typically for the sulfide 
materials investigated within this work, sintering temperatures of' >1300"C were 
required to produce 'dense' pellets with values approaching 90% theoretical density, 
which is the standard acceptable minimum for work on oxide-ion conductors. The 
increasing densification of the sulfide pellets with increased grinding, sieving and 
sintering temperature, visible under SEM are shown in figures 14.1 - 14.3. 
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Figure 14.3. SIN image of CaNd, S4 sulfide pellet surface with particles mesh 
sicved to < 35ptm and sintered at 1350°C 
The diameter and thickness of all sintered sulfide pellets were measured by digital 
venire calliper (mnm) to 4 decimal places. It was found that sulfide pellets, which were 
sintered at temperatures above 1350"C were physically warped or deformed, so 
1350°C was set as an upper limit for the sulfide sintering conditions. At the other end 
of the sintering temperature range, pellets that were sintered at temperatures lower 
than 1200"C did not obtain Sufficient density to give accurate conductivity data, with 
pellet diameters decreasing by less than 0.4mm during sintering and the density of 
these samples did not reach 60-70% of theoretical density and as a result these 
materials would break and crumble during manipulation. A good pellet densification 
typically appears with a 10 - 20`Yo relative decrease in the pellet diameter after 
sintering (= 2-3mm). The minimum sintering temperature conditions for all sulfide 
materials were therefore set at 1200"C / 8h. with the majority of the sulfides being 
sintered at temperatures -> 130(1"C. The results of the pellet sintering for all prepared 
sulfide materials investigated are shown summarised in table 14.2. 
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Table 14.2. Summary of pellet sintering results for all prepared sulfide materials 
Sulfide material 
Maximum 
Sintering 
Temp °C 
Maximum 
measured 
density 
Theoretical 
density 
/cm' 
Percentage 
density 
Pellet structure 
comments 
Ba, ln, S5 1350 3.670 4.474 82.03 Densified sulfide pellet 
Ba, In2_xZr, S3 1350 4.235 4.448 95.22 Densified sulfide pellet 
Ba3Zr2S7 1350 3.799 4.254 89.31 Densified sulfide pellet 
BaHf1., In,, S3_, d2 (x = 0.10) 1100 3.496 5.525 63.29 No densification 
BaHf1_,, InxS3_xn (X = 0.15 1100 3.376 5.452 61.93 No densification 
BaHf1_XIn,, S3_xr2 (x = 0.20) 1100 3.423 5.341 64.09 No densification 
BaTa, 
_XYXS3., /2 x=0.10 
1100 3.705 5.720 64.77 No densification 
BaTaiY,, S3., (x = 0.15 1100 3.516 5.641 62.33 No densification 
BaTa1, Y,, S3_V2 (x = 0.20) 1100 3.545 5.559 63.77 No densification 
BaTil.,, Ga, S3.2 /Z x=0.10 1100 2.634 4.032 65.32 Disintegrated >1100°C 
BaTi1 Ga,, S3_, /2 (x = 0.15) 1100 2.378 3.913 60.79 Disintegrated >1100°C 
BaZri, InXS3., x=0.10 1100 2.529 4.362 63.98 No densification 
BaZr1_, InxS3., j2 (x = 0.15) 1100 2.659 4.345 61.21 No densification 
CaNd2S4- 0%Nd2S3 1350 4.646 4.888 95.05 Densified sulfide pellet 
CaNd2S4 - 10%Nd2S3 1350 4.356 4.819 90.39 _ Densified sulfide pellet 
CaNd2S4 - 20%Nd2S3 1350 4.524 4.760 95.03 Densified sulfide pellet 
CaNd2S4 - 30%Nd2S3 1350 4.425 4.715 93.84 Densified sulfide pellet 
CaSm2S4 - 0%Sm, S3 1350 4.683 5.126 91.36 Densified sulfide pellet 
CaSm2S4 - 10%Sm2S3 1350 4.433 5.055 87.69 Densified sulfide pellet 
CaSm2S4-20%Sm, S3 1350 4.837 4.995 96.83 Densified sulfide pellet 
CaSm2S4 - 30%Sm2S3 1350 4.762 4.953 96.14 Densified sulfide pellet 
Hfl_,, NiXS, _X 
(x = 0.10) 1000 3.366 5.590 60.21 Disintegrated >1000°C 
Hfl.,, NixSz_x (x = 0.15) 1000 3.386 5.361 63.17 Disintegrated >I OOOT 
NaGd1, Ni, S2_x x=0.10 1100 2.375 4.152 57.22 Disintegrated >1100°C 
NaGdi.., NiSZ_X x=0.15) 1100 2.521 4.074 61.88 Disintegrated >1100°C 
NaLa1_, Ni, S2_x (x = 0.10 1100 2.108 3.566 59.12 Disintegrated >1100°C 
NaLa,.,, NixSZ.,, (x = 0.15) 1100 2.054 3.482 58.99 Disintegrated >1100°C 
SrNd2S4 - 0%Nd2S3 1350 4.358 5.230 83.32 Densified sulfide pellet 
SrNd2S4 - 10%Nd2S3 1350 4.241 5.118 82.86 Densified sulfide pellet 
SrNd2S4- 20%Nd2S3 1350 4.359 5.022 86.80 Densified sulfide ellet 
SrNd2S4 - 30%Nd2S3 1350 4.062 4.993 81.35 Densified sulfide pellet 
SrSm2S4 - 0%Sm, S3 1350 4.983 5.464 91.20 Densified sulfide pellet 
SrSm2S4 - 10%Sm2S3 1350 4.712 5.357 87.96 Densified sulfide pellet 
SrSm2S4- 20%Sm2S3 1350 4.572 5.268 86.78 Densified sulfide pellet 
SrSm2S4- 30%Sm, S3 1350 4.398 5.202 84.54 Densified sulfide pellet 
Zr1.,, NixS2_x (x = 10) 1 1000 2.157 3.587 60.12 Disintegrated >1000°C 
Zr1. XNi, S, _,, 
(x = 0.15) 1000 2.128 3.438 61.88 Disintegrated>1000°C 
The complex sulfide materials prepared during this work showed a range of thermal 
stabilities and sinterability. Some had a high degree of densification during sintering 
and could easily and reliably be annealed at temperatures >1300°C, while some 
sulfides, such as the AB1. XMXS3. x/2 and NaLn1. XNi,, S2. X materials were found to have a 
very low level of sinterability and the materials would disintegrate at temperatures 
above 1100°C before densification could occur. The poorly sintered and undensified 
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pellets would produce highly scattered data as shown in figure 14.4 and it was not 
possible to obtain stable impedance data for these materials. 
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Figure 14.4. Nyquist plot showing scattered impedance data from poorly sintered 
and undensified sulfide materials at 400°C. 
There were a number of successfully densified sulfide materials, which were taken 
forward for (E. I. S) ionic conductivity testing and each of the densified sulfide pellets 
were individually filed for a constant period of approximately 2 hours using a DBT 
diamond brush until both sides were completely flat in order to minimise errors with 
electrode contact. Longer sintering times of 12 and 16 hours at lower temperatures 
were employed for undensified materials but while this decreased disintegration, it 
did not improve pellet densities, as sintering effectiveness is predominantly related to 
the temperature of the furnace environment. Porous and undensified pellets give 
erratic and inconclusive conductivity data, which made accurate conductivity testing 
and subsequent data modelling of some of the sulfide materials impossible, a factor 
that would also limit those sulfides possible application as electrolyte membranes. 
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14.2. Ionic conductivity measurements for prepared sulfides 
14.2.1. Electrical Impedance Spectroscopy 
Electrical impedance spectroscopy, (E. I. S. ) is a non-destructive tool that can be used 
for analysing electro-ceramic materials. It can provide information on practical 
matters such as corrosion rates, efficiency of protective coatings, testing of batteries 
and conduction mechanism for ceramics etc. The technique not only accurately 
quantifies the total electronic and ionic conductivity (cationic and anionic), it also 
gives other information such as grain boundary and intra-grain conduction, relaxation 
frequency and time constants of materials. The collected data combined with 
appropriate equivalent circuit modelling can be used to calculate activation energies 
and characterise the type and mode of conduction involved in a particular system. 
The advantages of E. I. S. include short measuring time, high accuracy and capability 
of continuous measurement. The disadvantage of this technique is that the process 
being investigated is perturbed from its normal state by an external signal, which can 
change or alter the properties of the system. The perturbation can be alternating 
current (A. C. ) or direct current (D. C. ) signals. Alternating current is favoured because 
smaller perturbations are used, which minimise interference problems and allow 
materials with lower conductivity to be investigated. The electronic properties of a 
system can generally be defined in terms of its ability to store and transfer charge (i. e. 
its capacitance and conductance). E. I. S. records the response of a system to an 
applied sinusoidal perturbation, over a selected frequency range. The applied A. C. 
voltage and the resultant A. C. current are measured and the impedance calculated 
(Z = V/I). To make accurate and repeatable E. I. S. measurements the three most 
important considerations in the design of the impedance measurement cell were: 
" Accurate control of temperature 
" Consistent control of gaseous environment inside the cell 
" The provision of good and repeatable electrical contact with the sample 
The material being measured is perturbed with a sinusoidal voltage through 
electrodes, using a frequency response analyser (FRA). The result is a current having 
the same frequency but a different phase and amplitude. The system response can be 
separated into real and imaginary terms i. e. conductance and capacitance. Any given 
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electrode-material system, has a geometrical capacitance and a bulk resistance in 
parallel with it, which give a characteristic resistance-capacitance or RC product for 
that system and any particular RC product has an associated time constant, which 
represents the dielectric relaxation time of the system. The time constant for a given 
material phenomenon, e. g. bulk response, grain boundary conduction or interfacial 
barrier transport is equal to the corresponding RC product and this is related to 
frequency (f) by the following equation: 
RC = 1/2; rf 
Equation 14.1. 
Where: 
R= resistance (0) 
C= capacitance (F) 
f= frequency (Hz) 
The impedance data is often plotted as a Nyquist plot (real Z vs imaginary Z) an 
example of an ideal Nyquist plot is shown in Figure 14.5. 
8. E+04 
ff 
6. E+04 f" 
tff 
vf" 
N 4. E+04 
f" 
'"" 
2. E+04 " 
L High frequency 
0. E+00 
0.0E+00 5.0E+04 " 1.0E+05 1.5E+05 2.0E+05 
Rea1Z (ohm) 
Figure 14.5. Diagram of ideal Nyquist plot showing real vs imaginary component 
axes and response frequency. 
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There are a number of factors, which can affect the impedance plot, for example in 
large grained electroceramic materials, larger sample capacitances may be observed 
due to a grain boundary effect. This effect arises when thin continuous resistive grain 
boundary layers isolate each grain, this effect is commonly referred to as a `brick 
layer model' 1 This effect is more apparent in poorly sintered materials with large 
grains and the effect can be minimised by efficient preparation, grinding and sintering 
of materials. In a system with continuous resistive grain boundaries, there is often a 
characteristic large low frequency arc observed in the impedance plot as shown in 
figure 14.6. 
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Figure 14.6. Diagram showing effect of resistive grain boundaries on Nyquist plot. 
The large lower frequency arc represents the resistance and capacitance of the grain 
boundaries (Rgb / Cgb), while the smaller high frequency arc indicates the resistance 
and capacitance of the grain interiors (Rg; / Cgi). The magnitude of this grain boundary 
arc and the corresponding contribution to the impedance of the material can be 
minimised if the sample is properly sintered and optimised for ionic conductivity. 
Also arcs, which are representative of grain boundary conduction, should generally 
only vary with temperature and not with atmospheric partial pressure. ' 
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Another factor, which can affect impedance plots, is mechanical pressure on the 
electrode-electrolyte system. Increasing the mechanical load on the system may result 
in a proportional decrease in the resistance if there is an air-gap between the electrode 
and the electrolyte, this would cause a decrease in the impedance arc as shown in 
figure 14.7. 
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Figure 14.7. Diagram showing effect of increased mechanical load on Nyquist plot. 
To obtain accurate and repeatable impedance data it is important to have a good and 
repeatable surface contact between the electrode and the electrolyte. When dealing 
with sintered pellets this can be achieved by fine polishing of the pellet surfaces for 
extended periods with a diamond brush, in order to eliminate any potential air-gaps 
from the system. The impedance mounting apparatus should also be kept in identical 
configuration throughout the experiments and therefore when there is a good contact 
achieved between the electrode and the electrolyte the impedance data should not 
vary with mechanical pressure. 
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14.3. Conductiv ih' data for sulfide ceramic materials 
Impedance data were collected using a Solarfron SI 1255 I-IF frequency response 
analyser and conductivity data were collected for all investigated sulfide materials at 
250-500"C. The temperature control was achieved by the use of a Eurotherm 2216e 
controller, which was programmable through impedance software provided by 
Solartron. This ensured that the impedance measurements did not begin until the set 
point and the actual temperatures were the same, which was achieved using a dwell of 
one hour at each temperature. The gaseous atmosphere employed was hydrogen 
sulfide in argon. The atmosphere was maintained by the use of an O-ring seal 
between two stainless steel plates and gases exited the reactor via heat-treated 
stainless steel tubing. The impedance equipment set-up is shown in Figure 14.8. 
Sample. current collectors 
and platinum mesh placed 
under piston 
BNC pin where platinum 
wire is attached 
BNC connector 
Figure 14.8. Image of A. C. impedance equipment and electrode-sample mounting 
used to collect conductivity data for solid sulfide electrolytes 
Three potential electrode materials were investigated, namely platinum, gold and 
graphite, the three electrode types were employed, combined with a number of 
methods of application, which included spray painting, brush painting. sputtering, 
thermal evaporation, and direct physical contact. Platinum and gold electrodes 
produced inconsistent and erratic results, possibly due to reaction with l12S or H2 in 
the carrier gas at elevated temperatures and no impedance arc could be plotted. Stable 
impedance arcs were observed in I I2S/argon using graphite electrodes at temperatures 
of 250°C less than the oxidation onset temperature of the sulfide materials. It was 
determined that the optimum electrode conditions for impedance. were the 
application of carbon graphite electrodes in direct contact with the solid sulfide 
electrolytes, and data were collected accordingly. 
Spring 
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Each of the sulfide pellets under investigation were loaded into the conductivity rig 
apparatus shown in figure 14.8 and the sample circuit was tested for electrical 
conductivity. It was crucial that the impedance cell was assembled correctly to avoid 
short-circuiting the equipment and the electrical conductivity of the prepared sulfide 
pellets were recorded using a standard 2-point probe multimeter and all materials 
were found to be electrical insulators at room temperature, with electrical resistance 
of > 200ME2. Once each particular sulfide electrolyte containing cell was prepared, 
the conductivity apparatus was then placed into an O-ring sealed gas tight cylinder 
and loaded vertically into the temperature-controlled chamber in a vertical tube 
furnace. 
To ensure that accurate and repeatable impedance data results were obtained for the 
graphite electrode - sulfide electrolyte set-up, repeatability tests were carried out. 
Repeating impedance experiments on the same sulfide sample (CaNd2S4) gave 
repeatable high frequency bulk conduction, but lower frequency grain boundary and 
ionic blocking electrode effects reduced, indicating that a better contact between 
electrode and electrolyte was obtained over time as shown in Figure 14.9. The 
electrode arc for mechanically contacted electrodes is a function of the number of 
contact points between the electrode and the electrolyte, while the electrode arc may 
be affected by the assembly of the cell, the high frequency arc is free from electrode 
effects associated with contact resistance or spreading effects, therefore the high 
frequency arc should be equal to the true bulk resistance of the electrolyte. '' 2 
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Figure 14.9. Diagram showing repeatability of graphite electrode on Nyquist plot. 
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Generic interpretation of a Nyquist plot is that the high frequency arc for ionic 
conductors gives the bulk conductivity of the material, while a low frequency arc may 
indicate grain boundary conduction or electrode effects, depending on the capacitive 
values, for example, 0.3pF is a typical value for the capacitance of grain boundary 
conduction, while 3.5pF would be associated with an electrode effect. ' Pure ionic 
conductors typically display an ionic blocking electrode arc in the low frequency 
range of a Nyquist plot. A low frequency response should therefore be observed in 
the Nyquist plot if any of the sulfide materials are pure S2 ionic conductors. 
For each of the potential sulfide-ion conducting electrolyte materials investigated, the 
first conductivity experiment carried out involved the determination of the material's 
bulk conductivity in argon across a determined temperature range. To assess whether 
a reliable sample response is being obtained the collected impedance data are 
modelled against various equivalent circuit simulations, with appropriate equivalent 
circuits consisting of resistors, inductors and capacitors, which replicate as closely as 
possible the impedance behaviour of the sample being tested and impedance software 
can be used to obtain a best-fit model selected by non-linear least squares fitting of 
the data. From the modelled impedance results, the activation energy for the 
conduction process can be obtained using the following equation: 
a= (a0 / T) exp (-AH., / kT) 
Equation 14.2. 
Where: 
a= Conductivity (Scm-1) 
ao = Conductivity at standard temp and pressure (Scm-1) 
T= Temperature (K) 
AHm = Activation energy for ionic migration 
k= Boltzman's constant (8.6175x10"5 eV/K) 
It is conventional to plot a graph of In (6/T) vs inverted temperature (1000/T), the 
gradient (OHm/k) then gives the activation energy for ionic migration. ' The activation 
energy for the motion of sulfide-ions has not been conclusively established in the 
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literature to date, however the expectation would be that the energy required for the 
hopping of an S2" ion should be greater than that required for the hopping of an 02 
ion, logically due to the increased size (1.84A vs 1.32A) and relative polarisability of 
the sulfide-ion relative to the oxide-ion. Therefore if the mobile species in a sulfide 
material is S2" then the activation energies obtained should be higher than those in 
analogous oxide-ion conducting systems and the conductivity and associated time 
constants should reflect this. Activation energies for the mobility of 02. ions in 
established oxide-ion conductors such as CeO2 and yttria stabilised zirconia are 
generally in the range 0.7-1.1eV. 3 Activation energies obtained with values less than 
this would therefore infer the motion of ions, which are smaller than the oxide anion 
and would therefore infer cationic conduction in the sulfide system. In order to infer 
sulfide-ion conduction, the system should have higher activation energy with a lower 
conductivity and a slower time constant, relative to values for oxide-ion conduction. 
Due to the larger size of the S2' ion, it would require more energy to hop from one 
vacant lattice site to another, therefore the S2' ion may move slower, giving a longer 
time constant and therefore less of the S2' ions may move, which would also lead to a 
lower observed conductivity. 
Bulk conductivity data for each sulfide material were also collected across a H2S 
concentration range, showing the conductivity of each material in a range of 
hydrogen sulfide atmospheres. Pure ionic conductors show conductivity, which is 
independent of concentration changes in the atmosphere and it has been quoted for 
work on mixed ionic conductors, 4 that an oxide material can be established to be an 
ionic conductor if the ratio [S (log atotal) /S (log p02)] < 0.01, i. e. total conductivity is 
considered independent of oxygen partial pressure if the ratio is less than 0.01. 
Therefore if the total conductivity of the system under investigation varies with 
increasing atmospheric partial pressure then this indicates that there is an electronic 
component to the conduction. This can be extrapolated to sulfide materials in an H2S 
atmosphere by saying that when [S (log atotai) /S (log PH2S)] < 0.01, then the total 
conductivity is considered independent of H2S partial pressure and this infers ionic 
conduction. 
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14.3.1. Conductivity of CaNd2S4-xNd2S; (where x=0- 30mol%) materials 
14.3.1.1. Results and discussion 
Impedance spectroscopy data for the materials in the CaNd2S4-xNd2S3 series were 
carried out in an argon atmosphere across the temperature range 200-500°C with 25°C 
increments. The spectra were collected using graphite electrodes over the frequency 
range 0.1 Hz to 1x106 Hz (10 points per decade), an applied A. C. voltage of 0.1 Vrms 
was used and a one-hour isothermal period was employed for temperature 
stabilisation prior to impedance measurement. The impedance data collected for the 
undoped CaNd2S4, CaNd2S4-20%Nd2S3 and CaNd2S4-30%Nd2S3 materials using 
graphite electrodes gave 2 arcs without significant overlap so that they were both 
easily distinguished in the bode plot (figure 14.10), while only 1 arc was observed in 
the Nyquist plot (figure 14.11). The CaNd2S4-10%Nd2S3 material showed 3 
distinguishable arcs in the bode plot and the multiple arcs were observed at all 
temperatures across the range 300 - 500°C. 
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Figure 14.10. Bode plot of CaNd2S4-xNd2S3 materials at 400°C in argon 
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Figure 14.11. Nyquist plot of CaNd2S4-xNd2S3 materials at 400°C in argon 
Graphite electrodes employed at low temperatures (< 200°C) resulted in significantly 
scattered impedance data and no arcs could be resolved. Whereas, higher 
temperatures in the 200-500°C range yielded reproducible high frequency arcs. The 
use of graphite electrodes with CaNd2S4-10%Nd2S3 at higher temperatures produced 
3 arcs including a low frequency response in the Bode plot. The low frequency effect 
is attributed to blocking electrodes, limiting ions from transversing the electrolyte- 
electrode interface. Impedance plots obtained for all materials in the CaNd2S4- 
xNd2S3 series exhibited high and medium frequency arcs and were successfully 
modelled using a Jamnik predominantly ionic equivalent circuit, 5 with the exception 
of the CaNd2S4-10%Nd2S3 material, which displayed 3 arcs in the impedance data at 
elevated temperatures (high medium and low frequency), which is characteristic of 
pure ionic conduction' and the collected data were modelled with a Bauerle 
equivalent circuit. 6 The distinguishable high frequency arc was clearly observed for 
all compounds of the CaNd2S4-xNd2S3 series, as shown in figure 14.11. The low and 
medium frequency arcs were modelled using a constant phase element because they 
are associated either with the grain boundaries or the electrode contact, due to the 
compressed pellet and graphite electrode set-up both elements are physically 
distributed, therefore flattening of these arcs can be expected. ' Since the graphite 
electrodes were mechanically pressed to obtain pellets, this would also cause a 
physically distributed contact area. Therefore achieving a good fit between 
experimental and equivalent circuit was achieved by using a modified Bauerle model 
with a constant phase element to model the distinct low frequency arc for the 
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CaNd2S4-10%Nd2S3 material. The bulk conductivities collected from modelled 
impedance data for the materials in the CaNd2S4-xNd2S3 series are shown in table 
14.3. 
Table 14.3. Summary of bulk conductivity data for materials in CaNd2S4-xNd2S3 
series collected at 500°C in argon 
Sulfide material Conductivity (Scm-') 
CaNd: S4-0%Nd7S3 2.19x10-7 
CaNd2S4-10%Nd2S3 1.09x 10-6 
CaNd2S4-20%Nd2S3 3.09x 10-5 
CaNd2S4-30%Nd2S3 1.85x]0-5 
Impedance data were collected at various temperatures up to 500°C in argon and data 
were modelled with the appropriate equivalent circuits and using equation 14.2, this 
gave the Arrhenius plot of the activation energy. Activation energies for the 
CaNd2S4-xNd2S3 materials are listed in table 14.4. 
Table 14.4 Activation energies collected at 500°C in argon for materials in the 
CaNd2S4-xNd2S3 series 
Sulfide material Activation energy (eV) 
CaNd2S4-0%Nd2S3 0.46 
CaNd2S4-10%Nd2S3 0.51 
CaNd2S4-20%Nd2S3 0.37 
CaNd2S4-30%Nd2S3 0.72 
The calculated activation energy data for the materials in the CaNd2S4-xNd2S3 series, 
with values in the range 0.37-0.72eV appear relatively low to indicate sulfide-ion 
conduction, considering that the range of anionic activation energies for many oxide- 
ion conducting materials are between 0.7-1.1eV, the relatively low activation energies 
obtained for the materials in the CaNd2S4-xNd2S3 series indicate the possibility of 
cationic conduction in these materials. However, the activation energy of conduction 
is not a conclusive indicator as it is dependant on many factors such as the equivalent 
circuit used in modelling and can vary not only with the size of the conducting ion, 
but also with dopant, crystal structure and synthesis method. ? 
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Impedance spectroscopy data for the materials in the CaNd2S4-xNd2S3 series using 
graphite electrodes in argon did not produce an ion blocking electrode arc, except in 
the 10% doped compound. The low frequency impedance response is necessary to 
identify pure ionic conductors, therefore the impedance data suggest that the 0%, 20% 
and 30% doped CaNd2S4-xNd2S3 materials are not pure ionic conductors, but are 
possibly mixed ionic-electronic conductors. The conductivity for pure ionic 
conductors is independent of concentration changes in the atmosphere, therefore to 
obtain further information about the conductivity of the CaNd2S4-xNd2S3 materials, 
impedance spectroscopy was carried out over the temperature range 350°C - 550°C 
with concentrations of H2S/Ar varying from 0.5% to 20% for each temperature and 
using a one hour isothermal period to allow temperature and concentration 
stabilisation prior to impedance measurements. Results for the undoped CaNd2S4 
material showed that the conductivity was not independent of H2S concentration, but 
increased with increasing H2S concentration. 
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Figure 14.12. H2S concentration dependence of bulk conductivity for undoped 
CaNd2S4 using graphite electrodes in varying H2S/argon atmosphere 
An explanation for this increase in conductivity with increasing H2S concentration 
could be attributed to the onset of electronic conduction, which could be either n-type 
or p-type conduction and this could occur by the following mechanism: 
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2Ss 2- 44 2+4e'+2VS 
Equation 14.3. 
Where 
Vs = sulfide vacancy 
Ss = occupied sulfur site 
S2 = sulfur 
e= electron 
If conduction were p-type, then loss of sulfur will lead to a reduction in the number of 
electron holes and with further loss, the conduction could change from p-type to n- 
type. This would explain conductivity initially decreasing then increasing with an 
increase in atmospheric partial pressure. If conduction were n-type, then loss of sulfur 
would lead to an increase in the observed conductivity: 
H2S+VS+S52'H2SHS 
Equation 14.4. 
Where 
H2S = hydrogen sulfide 
Ss = occupied sulfur site 
Vs = sulfur vacancy 
The process shown in equation 14.4, reduces the number of sulfur vacancies (Vs), this 
will drive equation 14.3 to the right, giving more electrons, therefore with varying the 
atmospheric H2S concentration, the sample may change from p-type to n-type 
conduction. Therefore increasing the sulfur partial pressure at higher H2S 
concentrations increases the number of electron holes, which then leads to an increase 
in the conductivity of the electrolyte. Electron hole conduction has also been reported 
in undoped calcium sulfide samples at high sulfur partial pressures! 
The presence of H+ in the sample may lead to proton conduction in H2S, this could be 
confirmed by experiments in D2S. If proton conduction were present in the sample, 
then the conductivity should be lower in D2S due to the isotope effect. 
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The total conductivity for the CaNd2S4-10%Nd2S3 material was observed to be 
independent of changes in the atmospheric H2S partial pressure at temperatures 
greater than 450°C indicating ionic conductivity above this temperature. 
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Figure 14.13. H2S concentration dependence of bulk conductivity for CaNd2S4- 
I O%Nd2S3 using graphite electrodes in varying H2S/argon atmosphere 
Ionic conduction is identified if the conductivity is independent of H2S partial 
pressure. Varying the H2S concentration from 0% (pure argon) to 10% H2S in argon 
indicated that the 10% doped material was an ionic conductor over this H2S 
concentration range and at temperatures above 400°C. 
The conductivity of the 20% doped CaNd2S4 material decreased in the presence of a 
positive H2S partial pressure at all temperatures, which indicates the presence of 
electronic conduction within the material. The formation of quasi-free electrons at 
low partial pressures can be expressed by the equation: 
Increasing the 112S concentration beyond 1% H2S in argon resulted in an increase in 
conductivity for the 20% doped compound, as shown in figure 14.14, which indicates 
the presence of electron hole conduction. 
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Figure 14.14.112S concentration dependence of bulk conductivity for CaNd2S4- 
20%Nd2S3 using graphite electrodes in varying H2S/argon atmosphere 
The mechanism for electronic conduction at high H2S concentrations is shown in 
equation 14.3. Therefore the collected impedance data for the CaNd2S4 20%Nd2S3 
material suggests that the compound has an inherent electronic component to its 
conduction, due to electron hole conduction at H2S concentration ranges above 1% 
H2S/argon. 
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Figure 14.15. H2S concentration dependence of bulk conductivity for CaNd2S4- 
30%Nd2S3 using graphite electrodes in varying H2S/argon atmosphere 
The collected impedance data for the CaNd2S4-30%Nd2S3 material also showed 
variation in conductivity with increasing H2S concentration, which suggests that this 
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compound was not a pure ionic conductor, but shows an electronic contribution to the 
overall conductivity as observed with the 20% doped compound. 
The absence of a low frequency response in the impedance data collected for the 0%, 
20% and 30% doped compounds suggests that these compounds are not pure ionic 
conductors, however, it does not rule out the possibility that these materials have an 
ionic component to their conduction, as materials which show mixed ionic-electronic 
conduction do not always display a low frequency ionic blocking arc in impedance 
data. 9 The conductivity of the CaNd2S4-20%Nd2S3 material decreased with an 
increase in 112S partial pressure, confirming the presence of electronic conduction. 
This infers that that the 20% doped material probably becomes a predominant 
electronic conductor at high 112S partial pressures and considering all data available 
for the CaNd2S4-xNd2S3 compounds (where x=0,20 and 30%) they appear to have a 
significant electronic component to their conduction at elevated temperatures. 
Therefore, as the CaNd2S4-10%Nd2S3 material is the only compound in the series, 
which displays a low frequency response in the impedance data and showed 
conductivity stability with varying H2S concentration, the increased conductivity 
values observed in the CaNd2S4-xNd2S3 materials with increased doping beyond 
10%Nd2S3 most probably results from the onset of electronic type conduction. 
Therefore the collected conductivity data for the materials in the CaNd2S4-xNd2S3 
series suggest that the 0%, 20% and 30% doped compounds in the series are at best 
mixed ionic-electronic conductors. The 10% doped CaNd2S4 material showed the low 
frequency response in the impedance data, which is characteristic for pure ionic 
conductors, combined with the fact that the conductivity of the CaNd2S4-10%Nd2S3 
material was independent of 112S concentration from 0-2% H2S in argon over the 
temperature range from 400-550°C, the collected data strongly suggest that the 
CaNd2S4-10%Nd2S3 material is an ionic conductor over this H2S concentration and 
temperature range. 
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14.3.2. Conductivity of SrNd=S4-xNdýS3 (where x=0- 30mol%) materials 
114.3.2.1. Results and discussion 
The enlarging of the unit cell parameters of a particular material while retaining the 
same space group and crystal structure, should theoretically improve the ability of 
ions to migrate through the lattice and therefore improve the ionic conductivity. The 
average unit cell parameter for materials in the CaNd2S4 series was approximately 
8.53A, while the average cell parameter for materials in the SrNd2S4 series increased 
to 8.62A. The expectation is therefore that the conductivity for the SrNd2S4-xNd2S3 
materials should be higher than those observed for the CaNd2S4-xNd2S3 compounds. 
Another observation, which would be expected, would be the lowering of the 
respective activation energies in the strontium neodynium analogue materials relative 
to the calcium neodynium based compounds, due to the larger unit cell and associated 
increase in unit cell free volume. Therefore the energy required for ionic hopping 
should be less in the SrNd2S4-xNd2S3 materials. 
Impedance spectroscopy data for the materials in the SrNd2S4-xNd2S3 series were 
carried out in an argon atmosphere across the temperature range 200-500°C with 25°C 
increments. The spectra were collected using graphite electrodes over the frequency 
range 0.1 Hz to 1x106 Ilz (10 points per decade), an applied A. C. voltage of 0.1 Vrms 
was used and a one-hour isothermal period was employed for temperature 
stabilisation prior to impedance measurement. The collected impedance data for all 
SrNd2S4-xNd2S3 materials were successfully modelled using the Jamnik 
predominantly ionic equivalent circuit and since the mechanically contacted 
electrode-electrolyte interface introduces spreading resistance, only the high 
frequency arcs were used to measure the bulk conductivity. 
The impedance data for the 10% doped material in the CaNd2S4-xNd2S3 series 
displayed a distinct low frequency ionic blocking electrode are, which is 
characteristic for pure ionic conductors, however the collected impedance data for the 
SrNd2S4-10%Nd2S3 compound, as shown in figure 14.16, did not show a similar low 
frequency effect, indicating that there are differences in the mode of conduction for 
these structurally analogous sulfide materials. 
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Figure 14.16. Nyquist plot showing impedance arcs for CaNd2S4-10%Nd2S3 and 
SrNd2S4-10%Nd2S3 materials at 400°C in argon 
The impedance data collected for the SrNd2S4-xNd2S3 materials showed that both the 
real and imaginary components of the impedance were reduced in the strontium based 
materials, as shown in figure 14.16 and 14.17, resulting in a higher conductivity than 
that observed in the calcium neodynium based compounds. 
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Figure 14.17. Nyquist plot showing impedance arcs for CaNd2S4-20%Nd2S3 and 
SrNd2S4-20%Nd2S3 materials at 400°C in argon 
The fact that the SrNd2S4-xNd2S3 materials showed an increase in conductivity, 
apparently without the low frequency response present in the impedance data for the 
10% doped material, suggests that the observed increase in conductivity could be 
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attributed to an increase in the electronic conductivity of the materials rather than the 
expansion of the unit cell directly leading to an increase in ionic conductivity. The 
bulk conductivities collected from modelled impedance data for the materials in the 
SrNd2S4-xNd2S3 series are shown in table 14.5. 
Table 14.5. Summary of bulk conductivity data for materials in SrNd2S4-xNd2S3 
series collected at 500°C in argon 
Sulfide material Conductivity Scm- ) 
SrNd2S4-0%Nd2S3 6.73x10-4 
SrNd2S4-1 0%Nd2S3 3.39x10-3 
SrNd2S4-20%Nd2S3 2.61x10-4 
SrNd2S4-30%Nd2S3 2.95x10-3 
The Nyquist plots for all materials in the SrNd2S4-xNd2S3 series showed smaller 
impedance arcs relative to the calcium based CaNd2S4-xNd2S3 analogue materials. 
The initial observation of the lack of a low frequency response in any of the collected 
impedance data for the materials in the SrNd2S4-xNd2S3 series, suggests that 
electronic conduction may be prevalent in these materials. However, H2S 
concentration experiments will shed further light on the extent of the electronic 
component to the conduction within these materials. The Arrhenius plot for the 
SrNd2S4-xNd2S3 series showed a clear linear range for all materials, suggesting one 
similar conducting species within the system, excluding the 30% doped material. The 
Arrhenius plot for the SrNd2S4-30%Nd2S3 compound, indicates a change in the main 
conducting species at high temperature, the non-linearity in the plot for the 30% 
doped material could also suggest that the material undergoes a structural 
transformation at high temperatures, which is unlikely however due to the high 
symmetry cubic structure of the base compound. The extent of any electronic 
conduction present in the materials can be further investigated by H2S concentration 
tests to show the concentration dependency of the observed conduction in the 
SrNd2S4-xNd2S3 materials. 
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Table 14.6 Activation energies for collected at 500°C in argon for materials in the 
SrNd2S4-xNd2S3 series 
Sulfide material Activation energy (eV) 
SrNd2S4-0%Nd2S3 0.42 
SrNd2S4-10%Nd2S3 0.23 
SrNd2S4-20%Nd2S3 0.46 
SrNd2S4-30%Nd2S3 0.65 
The collected activation energy data for the materials in the SrNd2S4-xNd2S3 series 
showed that the values were lower than those observed for the analogous calcium 
based CaNd2S4-xNd2S3 series, with values in the range 0.23-0.65eV. The fact that all 
values across the series were reduced relative to the CaNd2S4-xNd2S3 data supports 
the theory that expanding the unit cell would increase the ease of motion of ions 
hopping through the lattice. This drop in activation energy across the series, relative 
to the CaNd2S4-xNd2S3 materials would tend to suggest that there are mobile 
conducting ions within both calcium and strontium based systems. The observed 
values appear relatively low to indicate that the conducting species were sulfide-ions 
alone, considering that anionic activation energies for many oxide-ion conducting 
materials are in the range 0.7-1. leV, the relatively low activation energies obtained 
for the materials in the SrNd2S4-xNd2S3 series could indicate the possibility of 
cationic conduction within the compounds. However, the mobile conducting species 
are unlikely to be cations, as the Sr2+ cation (1.12A) is substantially larger than the 
Ca2+ cation (0.99A) and if cationic conduction were occurring then an increase in 
activation energy would be expected in the SrNd2S4-xNd2S3 materials, relative to the 
CaNd2S4-xNd2S3 series, so the decrease would tend to suggest that any ionic motion 
were anionic rather than cationic. Another possible explanation for the low observed 
values in the strontium-based compounds is that there may be an electronic 
component to the conductivity in the SrNd2S4-xNd2S3 materials, which could explain 
the lower activation energy and higher conductivity values. 
The conductivity for pure ionic conductors is independent of atmospheric 
concentration changes, therefore the conductivity for the SrNd2S4-xNd2S3 materials 
were measured in a varying concentration of H2S in argon. Impedance spectroscopy 
was carried out across the temperature range 350°C-550°C, with an H2S 
concentration range from pure argon (0% H2S) to 2% H2S/argon for each 
temperature. A one-hour isothermal period was also employed for temperature and 
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concentration stabilisation. The conductivity of the undoped SrNd2S4 material was 
observed to increase with increasing H2S concentration over the range 0-1% 
H2S/argon, suggesting the presence of electronic hole conduction across this 
concentration range, this was followed by a decrease in conductivity with further 
increase of H2S concentration over the range 1-2% H2S/argon, which also inferred an 
electronic component to the conduction in the undoped system. 
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Figure 14.18. H2S concentration dependence of bulk conductivity for undoped 
SrNd2S4 using graphite electrodes in varying H2S/argon atmosphere 
The collected impedance data for the SrNd2S4-1ONd2S3 compound showed that the 
conductivity for the 10% doped material decreased when the atmosphere was 
changed from argon to 1% H2S in argon and this decrease in conductivity in the 
presence of a positive H2S partial pressure indicated the presence of electronic 
conductivity in the 10% doped compound. Increasing the H2S concentration from 1% 
to 2% H2S in argon caused an increase in the conductivity therefore implying the 
onset of electronic hole conduction at higher H2S concentrations. The 10% doped 
SrNd2S4 material also did not show a low frequency response in the impedance data, 
which is characteristic of pure ionic conductors and which was observed with the 
10% doped calcium compound, which suggests a significant electronic contribution 
to the conductivity of the material. 
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Figure 14.19. H2S concentration dependence of bulk conductivity for SrNd2S4- 
10%Nd2S3 using graphite electrodes in varying H2S/argon atmosphere 
A decrease in conductivity was observed with increasing H2S concentration from 
argon to 0.5% H2S/argon in the impedance data collected for the 20% doped material, 
suggesting an electronic component to the conduction at low H2S partial pressures. 
However, at H2S concentrations between 1-2%H2S/argon, the conductivity was 
independent of concentration changes, suggesting an ionic contribution to the 
conductivity of the 20% doped material over this concentration range. 
0 
E .1 
o00 
9 -2 - tg O 
oO 
rn ý 
.3 
Jy 
.4 
1 1.2 1.4 1.6 1.8 
1000lT (ICS) 
f2%01%X0.5%0PureAr 
Figure 14.20. H2S concentration dependence of bulk conductivity for SrNd2S4- 
20%Nd2S3 using graphite electrodes in varying H2S/argon atmosphere 
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The collected impedance data for the 30% doped material showed a significant 
decrease in conductivity when the atmosphere was changed from pure argon to 0.5% 
H2S/argon, suggesting the presence of electronic conduction, followed by an increase 
in conductivity with increasing H2S partial pressure in the concentration range from 
1%-2% H2S/argon, suggesting the presence of electronic hole conduction. There was 
also an observed concentration range between 0.5-1% H2S/argon, where the 
conductivity appeared to be independent of H2S concentration changes, inferring the 
possibility of ionic conduction in the 30% doped material over this narrow 
concentration range. 
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Figure 14.21. H2S concentration dependence of bulk conductivity for SrNd2S4- 
30%Nd2S3 using graphite electrodes in varying H2S/argon atmosphere 
The collected impedance data for the materials in the SrNd2S4-xNd2S3 series 
indicated that none of the compounds were pure ionic conductors, due to the absence 
of a low frequency response for all materials in the SrNd2S4-xNd2S3 series. The fact 
that the observed activation energies for the strontium neodynium series decreased 
relative to the calcium neodynium series, would tend to suggest that any mobile ionic 
species were anionic rather than cationic, since the conduction of strontium ions 
relative to calcium ions would be expected to cause an increase in observed activation 
energy, rather than a decrease. The conductivity data collected for all SrNd2S4- 
xNd2S3 materials were also not independent of atmospheric concentration changes 
and the conductivities varied with increasing H2S concentration, indicating that all 
materials in the series had some electronic component to their conduction. However, 
the SrNd2S4-20%Nd2S3 material showed conductivity, which was independent of H2S 
358 
concentrations between 1-2% H2S in argon, suggesting the presence of an ionic 
contribution to the conductivity in the 20% doped material over this concentration 
range. The 30% doped material also showed a narrow concentration range between 
0.5-1% H2S in argon, where the conductivity appeared to be independent of H2S 
concentration. In summary, the data for the SrNd2S4-xNd2S3 series suggest that the 
compounds were at best mixed ionic-electronic conductors and that the observed 
increase in the bulk conductivities of the strontium based materials relative to the 
calcium based compounds could probably be attributed to increases in the electronic 
conductivity rather than increased ionic conductivity in the strontium neodynium 
based system. 
14.3.3. Conductivity of CaSm2S4-xSm2S3 (where x=0- 30mol%) materials 
14.3.3.1. Results and discussion 
Impedance spectroscopy of the calcium samarium series was carried out in the 
temperature range from 200-500°C using graphite electrodes, with an A. C. voltage of 
O. lVrms and measurements were collected across a frequency range from 0.111z to 
1x106Hz under argon atmosphere with a one hour delay for temperature stability. 
The collected impedance data for the CaSm2S4-xSm2S3 materials showed impedance 
arcs with a more disordered profile, which were larger than those observed for the 
CaNd2S4-xNd2S3 and SrNd2S4-xNd2S3 materials and the collected impedance data 
for the CaSm2S4-xSm2S3 materials were modelled with a combined Bauerle and 
Jamnik equivalent circuit model. The CaSm2S4-xSm2S3 materials did not show any 
pronounced low frequency responses in the impedance data. This would indicate that 
the CaSm2S4-xSm2S3 materials are not pure ionic conductors and the that materials 
may have an electronic component to their conductivity. 
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Figure 14.22. Nyquist plot of CaSm2S4-xSm2S3 materials at 400°C in argon 
Figure 14.23. Bode plot of CaSm2S4-xSm2S3 materials at 400°C in argon 
The Nyquist plot for CaSm2S4-10%Sm2S3 and CaSm2S4-30%Sm2S3 appeared to be a 
single arc or 2 arcs with significant overlap so that they cannot be seen clearly in the 
plot. However, undoped CaSm2S4 and CaSm2S4-20%Sm2S3 showed an asymptotic 
shape, which is typical for diffusion related processes, figure 14.22. This asymptotic 
shape occurred at medium frequency and therefore was a material property rather 
than electrode (including contact error). Since the arc for bulk conductivity was not 
easily seen in the Nyquist plot due to significant overlap with other arcs, the effect of 
doping on conductivity could not be determined accurately from the Nyquist plot. 
The Bode plot for the CaSm2S4-xSm2S3 materials showed that each compound in the 
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series had a unique phase angle frequency dependency in the range measured, figure 
14.23. At low frequency both CaSm2S4-10%Sm2S3 and CaSm2S4-30%Sm2S3 had no 
phase shift, but at high frequencies the phase angles differed significantly. Impedance 
of undoped CaSm2S4 and CaSm2S4-20%Sm2S3, had similar frequency dependency of 
phase angle but different phase change at medium frequencies. For solids being 
compared, which have identical unit cell and crystal structure, a similar frequency 
dependency of phase angle would be expected. ' However, CaSm2S4 compounds, 
which have similar unit cell and identical crystal structure, have different phase angle 
change, this could suggest that the conducting species changes within the CaSm2S4- 
xSm2S3 materials, which is possible since the non-stoichiometric materials contain 
both cation and anion vacancies within the lattice. 
The activation energies for the materials in the CaSm2S4-xSm2S3 series displayed 
some of the highest values among all the sulfide materials investigated and the 
majority of the activation energy values obtained for the CaSm2S4-xSm2S3 materials 
were consistent with anionic conduction. 
Table 14.7. Summary of bulk conductivity data and activation energy values 
collected at 500°C in argon for materials in CaSm2S4-xSm2S3 series 
Sulfide material Conductivity Scm" Activation energy (eV) 
CaSm2S4-0%Sm, S3 3.11x10-7 1.40 
CaSm2S4-10%Sm2S3 3.51x10-7 1.25 
CaSm S4-20%Sm, S 2.32x10-6 0.60 
CaSm, S4-30%Sm2S3 5.06x 10-7 1.41 
The cell parameters for the samarium compounds were smaller than those of the 
neodynium analogues, therefore if the conduction in these systems were purely ionic, 
then the motion of ions would be more restricted in the smaller unit cells and 
therefore a slight decrease in overall conductivity and increases in activation energy 
could be expected. The activation energies for the CaSm2S4-xSm2S3 series were 
higher than those observed for the CaNd2S4-xNd2S3 and SrNd2S4-xNd2S3 series, 
which suggests the possibility of anionic conduction within these systems, however as 
discussed previously there are a number of factors which can affect the observed 
activation energy in a system and as different equivalent circuit models were used for 
modelling the CaSm2S4-xSm2S3, CaNd2S4-xNd2S3 and SrNd2S4-xNd2S3 series, 
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direct comparisons between alternatively modelled member series may not be as 
appropriate as comparisons made of compounds within a member series. 
The collected data for the CaSm2S4-xSm2S3 materials showed that the conductivity 
for these compounds was not independent of H2S concentration, which indicated the 
presence of electronic conduction within the CaSm2S4-xSm2S3 materials, the 
undoped compound showed a stable region between 0-1% H2S/argon, where the 
conductivity appeared to be independent of H2S concentration changes. However, at 
2% 112S/argon, the conductivity increased indicating the presence of electronic hole 
conduction. The materials in the CaSm2S4-xSm2S3 series did not show the low 
frequency ionic blocking arc, which is characteristic of pure ionic conductors. Also 
the H2S concentration data collected for the materials showed that the conductivity of 
the doped CaSm2S4-xSm2S3 compounds was not independent of H2S concentration 
changes in the atmosphere, the conductivity was seen to increase with increasing H2S 
concentration, indicating electronic hole conduction. This was also supported by the 
fact that the activation energy in the CaSm2S4-xSm2S3 materials was seen to decrease 
significantly as the 112S concentration was increased, suggesting a change in the 
conducting species as shown in figure 14.24. 
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Figure 14.24. H2S concentration dependence of bulk conductivity for CaSm2S4- 
30%Sm2S3 using graphite electrodes in varying H2S/argon atmosphere 
All materials in the CaSm2S4-xSm2S3 series showed significant increases in 
conductivity with increasing H2S concentration with the exception of the 10% doped 
compound, which showed conductivity that was independent of H2S concentration 
362 
changes across the range 0-2% 112S/argon, with activation energies in the range 
1.25eV in pure argon to 0.93eV in 2% H2S/argon which infers the possibility of 
predominantly ionic conduction in the CaSm2S4-10%Sm2S3 material. 
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Figure 14.25.112S concentration dependence of bulk conductivity for CaSm2S4- 
10%Sm2S3 using graphite electrodes in varying H2S/argon atmosphere 
The collected data for the CaSm2S4-xSm2S3 series showed that with the exception of 
the 10% doped compound, the conductivity in these materials was not independent of 
H2S partial pressure and that the increase in atmospheric H2S concentration caused a 
change in the conducting species as indicated by the decreasing activation energy 
observed for the CaSm2S4-xSm2S3 materials with increasing H2S concentration. 
Similar behaviour has been observed in mixed ionic-electronic conducting oxide 
systems such as BaTiO3 where changing the atmospheric partial pressure of oxygen 
has been observed to cause the predominant conducting species in a system to change 
from anionic to electronic and to electronic hole conduction. This behaviour appears 
to be common to both oxide and sulfide type systems. 
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14.3.4. Conductivity of SrSm2S4-xSm2S3(where x=0- 30mol%) materials 
14.3.4.1. Results and discussion 
The electrochemical behaviour of the SrSm2S4-xSm2S3 series was characterised using 
impedance spectroscopy, which was carried out in an argon atmosphere across the 
temperature range 200-500°C. The spectra were collected using graphite electrodes 
over the frequency range 0.1Hz to 1x106 Hz (10 points per decade), an applied A. C. 
voltage of 0.1 Vrms were used and a one-hour isothermal period was employed for 
temperature stabilisation prior to impedance measurement. Impedance data collected 
for the SrSm2S4-xSm2S3 series showed multiple arcs and all materials showed a low 
frequency response in the bode plot, which indicates ionic conduction in the 
SrSm2S4-xSm2S3 materials. The impedance data collected for the SrSm2S4 xSm2S3 
materials fitted well with the Bauerle model for pure ionic conductors. Figure 14.26 
shows the modelled result vs experimental data collected at 400°C in argon, showing 
the goodness of fit for the Bauerle and Macdonald pure ionic conduction models. 
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Figure 14.26. Nyquist plot for SrSm2S4 collected at 400°C with graphite electrodes 
in argon shown modelled against Bauerle and McDonald models for 
pure ionic conduction. 
The Bode plot for the SrSm2S4-xSm2S3 materials showed a phase angle change at 
low frequencies for all compounds within the series, inferring that all compounds of 
this series are ionic conductors, figure 14.28. The phase angle change for the 
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SrSm2S4-xSm2S3 based compounds are similar except for SrSm2S4 20%Sm2S3, 
which has a distinctive change in phase angle at medium frequencies, which was 
attributed to the grain boundary conduction in the 20% doped material. 
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Figure 14.27. Nyquist plot of SrSm2S4-xSm2S3 materials at 400°C in argon 
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Figure 14.28. Bode plot of SrSm2S4-xSm2S3 materials at 400°C in argon 
There is very little information in the literature, which addresses the meaning of 
complex phase angle change related to the conduction process, however, for solids 
being compared, which have identical unit cell and crystal structure, a similar 
frequency dependency of phase angle would be expected. The SrSm2S4-xSm2S3 
based compounds, which all have similar unit cells and crystal structure, have 
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different frequency dependency for their phase angle change, figure 14.28. This 
variation in phase angle frequency dependency was also observed in the CaSm2S4- 
xSm2S3 series, which could imply that the conducting species in these materials 
changes. This is possible as the non-stoichiometric MLn2S4-xLn2S3 compounds 
possess both cation and anion vacancies within the lattice, so it is possible that a 
change in the mobile species from anion to cation or to electronic could occur. 
Table 14.8. Summary of bulk conductivity data and activation energy values 
collected at 500°C in argon for materials in the SrSm2S4 xSm2S3 series 
Sulfide material Conductivity Scm" Activation energy (eV) 
SrSm2S4-0%Sm2S3 1.46x 10-6 0.70 
SrSm2S4-10%Sm2S3 6.12x10-6 0.80 
SrSm, S4-20%Sm2S3 1.93x10-5 1.24 
SrSm, S4-30%Sm2S3 3.83x10-6 0.89 
The activation energies for the materials in the SrSm2S4-xSm2S3 series were 
consistent with anionic conduction, particularly in the 20% doped compound with a 
value of 1.24eV and the Arrhenius plot showed a clear linear range for all materials, 
suggesting one similar conducting species within the system. The SrSm2S4-xSm2S3 
materials all showed a low frequency response in the collected impedance data with 
graphite electrodes in argon and all the materials were successfully modelled with a 
Bauerle model for pure ionic conductors. The conductivity for a pure ionic conductor 
should also be independent of concentration changes in the atmosphere, therefore 
impedance spectroscopy was carried out from 350°C - 550°C with concentration of 
H2S/argon varying from 0% to 2% for each temperature. A one-hour isothermal 
period was used, which allows for the stabilisation of temperature and concentration 
prior to impedance measurements. 
The undoped SrSm2S4 material showed an increase in conductivity as the atmosphere 
was changed from pure argon to 1% H2S followed by a decrease in conductivity as 
the concentration was increased between 1-2% H2S/argon, suggesting some electronic 
contribution to the conductivity in the undoped material. The SrSm2S4-10%Sm2S3 
material showed a small increase in conductivity when moving from pure argon to 
1% H2S/argon possibly indicating some electronic hole conduction, however, upon 
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further increases of 112S concentration there was a stable region of concentration 
independent conductivity observed for the SrSm2S4-10%Sm2S3 material, between 1- 
2% 112S/argon, indicating predominantly ionic conductivity in this concentration 
range. Similar to the observed behaviour of the 10% doped compound, the SrSm2S4- 
20%Sm2S3 material showed initial increase in conductivity when moving from argon 
to 0.1% 112S indicating some electronic hole conduction, however, upon further 
increases of 112S concentration there was also a stable region of concentration 
independent conductivity observed for the 20% doped material, between 0.1-2% 
112S/argon, indicating predominantly ionic conductivity in this concentration range. 
The SrSm2S4-30%Sm2S3 material showed an increase in conductivity as the 
atmosphere was changed from argon to 0.1% H2S, possibly indicating some 
electronic hole conduction, which was followed by a relatively stable region in the 
conductivity between 1-2% H2S/argon similar to the behaviour observed for the 10% 
and 20% doped materials. 
Doped materials such as the compounds in the MLn2S4-xLn2S3 series often show 
optimum dopant levels of around 10mol%, followed by decreases in conductivity as a 
function of dopant, the occurrence of this behaviour can been ascribed to the 
formation of defect clusters beginning with simple defect pairs at low concentration, 
which are also known as associated pairs. Defect pairs within the lattice occur 
between dopant cations and the charge compensating anion vacancy and once the 
defect pair has formed, the vacant anion site has no further participation in the 
conduction process, which leads to a lowering in the overall observed conductivity 
beyond that point. 10 
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14.3.5. Conductivity of the RaýIn2S; sulfide material 
14.3.5.1. Results and discussion 
Impedance measurements for Ba2In2S5 were carried out in an argon atmosphere 
across the temperature range 200-500°C with 25°C increments. The spectra were 
collected using graphite electrodes over the frequency range 0.1Hz to 1x106 Hz (10 
points per decade), an applied A. C. voltage of 0. l Vrms was used and a one-hour 
isothermal period was employed for temperature stabilisation prior to impedance 
measurement. The collected impedance data for Ba2In2S5 showed three clear arcs in 
the Nyquist plot, (high medium and low frequency), which strongly indicated that the 
material was an ionic conductor. The Bode plot for the Ba2In2S5 material also showed 
high and medium frequency responses as well as the characteristic low frequency 
ionic blocking response associated with ionic conduction. The Nyquist and Bode 
plots of the impedance data for the Ba2In2S5 material are shown in figure 14.29 and 
14.30 respectively and the data are shown modelled against Fricke I and Bauerle6 
models for pure ionic conduction. 
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Figure 14.29. Nyquist plot for Ba2In2S5 material collected at 400°C with graphite 
electrodes in argon shown modelled against Fricke and Bauerle 
models for pure ionic conduction. 
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Figure 14.30. Bode plot for Ba2In2S5 material collected at 400°C with graphite 
electrodes in argon shown modelled against Fricke and Bauerle 
models for pure ionic conduction. 
The equivalent circuit models, which most closely matched the collected impedance 
data for the Ba2ln2S5 material were the Bauerle and Fricke models for ionic 
conduction, however the Bauerle model was the more physically justifiable as the 
Fricke model is associated with two phase materials and the Ba2In2S5 compound was 
clearly shown to be one discreet phase by XRD refinement, therefore the collected 
impedance data for the Ba2In2S5 sulfide material were modelled using the Bauerle 
equivalent circuit model for ionic conduction. 
The Arrhenius plot for Ba2In2S5 was linear across the temperature range studied using 
either the Fricke or the Bauerle ionic conduction model as shown in figure 14.31. 
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Figure 14.31. Arrhenius plot for Ba2In2S5 material collected with graphite electrodes 
in argon 
The activation energy and the bulk conductivity values calculated for the Ba2In2S5 
material using the Bauerle model were slightly lower compared with the values 
obtained by the Fricke model, which highlights the fact that the selection of the 
appropriate equivalent circuit model affects the derived bulk conductivity and 
activation energy values. 
Table 14.9. Summary of bulk conductivity data and activation energy values for 
Ba2ln2S5 material collected at 500°C in argon 
Conductivity Scm' Activation energy (eV) 
Bauerle Fricke Bauerle Fricke 
2.61 x 10 3.20x 10 0.84 0.94 
Considering that the anionic activation energies for many oxide-ion conducting 
materials are in the range 0.7-1.1eV, the activation energy values calculated for the 
Ba2In2S5 material were generally consistent with anionic conduction with values of 
approximately 1 eV, as shown in table 14.9. Impedance spectroscopy data collected 
for the Ba2In2Ss material using graphite electrodes in an argon atmosphere produced a 
low frequency ionic blocking electrode arc, thus inferring pure ionic conduction. 
Another condition for ionic conductors is that the bulk conductivity for the material 
should remain independent of changes in atmospheric partial pressure, therefore if the 
Ba2In2S5 material was an ionic conductor, then the observed conductivity for the 
material should not be affected by changes in H2S concentration. Impedance 
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spectroscopy was carried out for Ba2In2Ss from 350°C to 550°C with the atmospheric 
concentration of 112S varying from 0% (argon) to 2% H2S/argon for each temperature 
measured. A one-hour isothermal period was also used to allow for temperature and 
concentration stabilisation prior to impedance measurement. The bulk conductivity of 
Ba2In2S5 remained independent of 112S concentration from 0% (argon) to 1% 
112S/argon, confirming ionic conduction under these conditions. However increasing 
the 112S concentration from 1% 112S/argon to 2% H2S/argon, caused a slight increase 
in bulk conductivity at higher temperatures, the increase in conductivity for the 
Ba2In2S5 material was marginal however and the conductivity was essentially stable 
up to 2% 112S/argon across the temperature range studied. 
In summary the impedance spectroscopy data for the Ba2In2S5 material collected 
using graphite electrodes in an argon atmosphere produced high and medium 
frequency responses in the impedance plots as well as a low frequency ionic blocking 
electrode arc, which infers pure ionic conduction in the Ba2In2S5 material. 
The activation energy for the Ba2ln2S5 material was calculated with both the Fricke 
and Baucrle equivalent circuit model for ionic conduction to be around IeV, which is 
consistent with anionic conduction. The conductivity of the material was then tested 
under conditions of varying atmospheric 112S concentration to investigate whether the 
conductivity was independent of changes in atmospheric partial pressure, which is 
another condition for pure ionic conduction. The data showed that the conductivity 
for the Ba2In2S5 material was stable from pure argon to 2% H2S/argon over the 
temperature range 350-550°C, confirming ionic conduction in the Ba2In2S5 material 
under these conditions. 
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14.3.6. Conductivity of Ituddiecden-Popper (n = 2) Ba3Zr2S7 material 
14.3.6.1. Result` sind diccuccinn 
Impedance spectroscopy of the Ruddlesden-Popper Ba3Zr2S7 sulfide material was 
carried out using graphite electrodes in an argon atmosphere over the temperature 
range 200-500°C with 25°C increments, measurements were collected across a 
frequency range of 0.1IIz to 1x106112 (10 points per decade) and a one hour 
isothermal period was used for temperature stabilisation. The Nyquist plot for 
Ba3Zr2S7 appeared to contain either a single arc or possibly 2 arcs with significant 
overlap as shown in figure 14.32. 
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Figure 14.32. Nyquist plot of Ba3Zr2S7 material from impedance data collected at 
350°C, 375°C and 400°C with graphite electrodes in argon 
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Figure 14.33. Bode plot of Ba3Zr2S7 material from impedance data collected at 
350°C, 375°C and 400°C with graphite electrodes in argon 
The collected impedance data for the material also showed no pronounced low 
frequency effect in either the Nyquist or Bode plots, which would indicate ionic 
conduction, inferring that the Ba3Zr2S7 sulfide material was at best a mixed ionic- 
electronic conductor when measured in an argon atmosphere. The impedance data for 
Ba3Zr2S7 was modelled using a Jamnik mixed ionic-electronic equivalent circuit and 
the Nyquist and Bode plots obtained for the material are shown in figures 14.32 and 
14.33 respectively. The Arrhenius plot obtained for the Ruddlesden-Popper Ba3Zr2S7 
compound was clearly linear as shown in figure 14.34, suggesting that there was no 
change in the conducting species within the material across the temperature range 
studied. 
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Figure 14.34. Arrhenius plot obtained for the Ba3Zr2S7 Ruddlesden-Popper sulfide 
material using graphite electrodes in argon 
The measured activation energy for the Ba3Zr2S7 material was 0.76eV, which was 
towards the mid-range of activation energies collected for all sulfide materials tested, 
which may suggest the presence of some low level ionic conduction within the 
material. The BajZr2S7 compound displayed the highest bulk conductivity value for 
all of the sulfide materials tested, with a value of 5.41x10"3 at 500°C in argon, the 
high conductivity of the material without the presence of any low frequency response 
in the impedance data indicates the presence of electronic conduction within the 
compound. To further investigate the nature of the conduction in the Ba3Zr2S7 
material and to assess whether and to what extent the conductivity was independent 
of atmospheric partial pressure, a series of further impedance spectroscopy 
experiments were carried out with varying atmospheric H2S concentration. 
The bulk conductivity of the Ba3Zr2S7 Ruddlesden-Popper compound showed 
significant variation with changing atmospheric H2S concentration and the 
conductivity was found to decrease with increasing H2S concentration also indicating 
the presence of electronic conduction in the material as shown in figure 14.35. 
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Figure 14.35.112S concentration dependence of bulk conductivity for the Ba3Zr2S7 
material using graphite electrodes in varying H2S/argon atmosphere 
In summary, the high conductivity value of 5.41x10'3 at 500°C for the Ba3Zr2S7 
material, combined with the absence of any low frequency response in the collected 
impedance data and the fact that the conductivity of the material varied significantly 
with changes in atmospheric partial pressure and showed a decrease with increased 
112S concentration confirm the presence of significant and predominant electronic 
conduction within the Ba3Zr2S7 sulfide material. 
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CHAPTER 15 
Conclusions 
15. Conclusions 
The objective of this work was to investigate the structure and characteristics of a 
range of disordered complex sulfide materials, with the possible application of these 
disordered materials as sulfide-ion conductors. This work has involved the 
preparation and characterisation of a number of disordered complex sulfide materials, 
some of which %%-ere based on known oxide-ion conducting phases and / or involved 
the doping or modification of known sulfide materials to produce a range of non- 
stoichiometric complex sulfides. There has been a very limited amount of research to 
date focussed on the field of sulfide-ion conducting materials, compared to other 
types of ionic conductor such as cationic or oxide conductors and this is therefore a 
relatively unstudied area of research. Collected data from the various groups of 
complex sulfide materials studied during this work have shown the types of materials 
and the methods of synthesis, which are most successful for the preparation of pure 
and disordered complex sulfide phases. There was mixed success with the synthesis 
of sulfide materials, which were structurally analogous to known oxide-ion 
conducting phases, such as the lanthanum and bismuth based materials and this work 
has highlighted the considerable structural differences between oxide and sulfide 
materials. The work also demonstrated that successfully functioning oxide-ion 
conducting phases will not necessarily have readily producible sulfide analogues. A 
more successful approach to the synthesis of disordered complex sulfide phases, with 
potential for sulfide-ion conduction would involve the synthesis and modification of 
materials, which arc isostructural or structurally related to existing sulfide materials. 
These sulfide materials provide a more useful and substantial starting point for any 
future theoretical and planned synthetic work in this field. During this work focus was 
also given to the comparison of the preparative methods for the synthesis of complex 
sulfide materials and it was shown from the data collected that in terms of product 
phase purity and the successful formation of complex sulfide compounds, the use of 
solid state and sealed tube methods provide a more reliable and superior synthesis 
route wehen compared to low temperature solvothermal methods and preparations 
which involve liquids in the reaction stage. 
Sulfide-ion conducting membranes could provide new methods of scrubbing exhaust 
gases containing sulfur compounds such as SO,, or H2S, which would act by an 
applied voltage drawing sulfide-ions from gaseous contaminants through the 
electrolyte membrane via a catalyst surface such as platinum. A membrane, which 
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could conduct sulfide-ions would have significant advantages over an oxide-ion 
conducting material in the presence of sulfur rich atmospheres, as these conditions 
would limit the use of oxide-ion conducting electrolytes in sensors or ionic membrane 
applications due to the likely sulfidation and contamination of the oxide material. 
Another application in which a sulfide-ion conductor would have significant 
advantages over an oxide conducting material would be in gaseous sulfide sensors. 
A concentration gradient of sulfide-ions across the electrolyte membrane could 
induce the flow of ions across the electrolyte and cause a potential difference, which 
could then be correlated to the concentration or activity of sulfur or sulfide-ions at the 
surface of the electrodes and would provide a method of detecting and quantifying the 
presence and concentration of sulfur containing gases. 
There are considerable difficulties associated with the successful production of any 
novel anion-ion conducting material and these difficulties increase with the radii of 
the conducting ion involved. In general the structural criteria required for the 
conduction of sulfide-ions are more demanding than those required for the conduction 
of oxide-ions, due in part to the increased ionic radius of the S2" ion (1.84A) relative 
to the 02. ion (I. 32A). Variations in structure, reactivity and thermodynamic stability 
between oxide and sulfide materials also dictate that oxide materials will not 
necessarily have readily producible sulfide analogues. The air sensitivity and 
hygroscopic nature of most metallic sulfides creates additional difficulties in the 
preparation of complex sulfide materials, involving the use of sealed tube synthesis 
and controlled atmosphere techniques, which restrict the way in which sulfide 
materials can be prepared. A series of potential sulfide-ion conducting materials have 
been prepared and characterised during the course of this work, with a variety of 
structures and lattice types. Anionic conductors are typically compounds, which 
display disorder in the anionic sublattice, this disorder is either brought about by high 
temperature structural transitions to disordered states such as observed in the well 
known, oxide-ion conductor Ba2In2O5, or by the doping of a parent structure to 
artificially introduce disorder and associated defect vacancies into the lattice for 
example in the yttria and calcia stabilised zirconias YSZ and CSZ. As discussed in 
chapter 1, general properties, which are beneficial to the conduction of anions within 
a structure, are that the system should ideally possess a high degree of structural 
symmetry with a high concentration of anion vacancies, necessary for anionic 
migration to occur. The system should also ideally possess polarisable cations and a 
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low potential barrier for the motion of the mobile anionic species. These factors were 
all considered during the outlining of potential sulfide electrolyte materials and the 
various complex sulfide materials, which were investigated during the course of this 
work are discussed below 
All members in the MLn2S4 xLn2S3 system were successfully synthesised and 
characterised in the space group I-43d, with approximate cell parameters across the 
series CaSm2S4 xSm2S3 8.47A, CaNd2S4-xNd2S3 8.53A, SrSm2S4 xSm2S3 
8.55Ä and SrNd2S4-xNd2S3 = 8.62A. Structure refinement from powder X-ray 
diffraction data showed that each compound in the MLn2S4-xLn2S3 system were 
single phases with no unindexed impurity peaks remaining in the patterns. Bond 
valence calculations confirmed that all materials in the MLn2S4-xLn2S3 series had 
stable structures and the linear decrease in cell parameter with increasing dopant 
concentration observed in each member series indicated that a good solid solution 
was achieved across the dopant ranges studied. The materials in the MLn2S4-xLn2S3 
series were pressed into pellets, which showed very good levels of sinterability and 
the materials were annealed at temperatures of 1350°C producing densified and well- 
sintered pellets. The electrochemical properties of the MLn2S4-xLn2S3 pellets were 
analysed by impedance spectroscopy (EIS) and the materials showed a range of 
results. The data collected for the CaNd2S4-xNd2S3 series showed that only the 10% 
doped material displayed a low frequency ionic blocking response in the impedance 
plot indicating ionic conductivity and the impedance data for this material was 
modelled using the Bauerle equivalent circuit for ionic conduction, the undoped 
CaNd2S4, CaNd2S4-20%Nd2S3 and CaNd2S4-30%Nd2S3 materials showed no low 
frequency response in the impedance data and the impedance data for these materials 
were modelled using a Jamnik mixed-ionic-electronic equivalent circuit model. 
Excluding the 10% doped compound the CaNd2S4-xNd2S3 materials also showed 
variation in conductivity with increasing atmospheric H2S concentration also 
suggesting that the undoped CaNd2S4. CaNd2S4-20%Nd2S3 and CaNd2S4-30%Nd2S3 
materials were at best mixed ionic-electronic conductors. The activation energy 
values obtained for the materials in the CaNd2S4-xNd2S3 series were relatively low 
being in the range 0.37-0.72eV, which could indicate the possibility of cationic 
conduction in these materials, but is more likely related to electronic conductivity. 
However, as discussed previously the activation energy of conduction is not a 
conclusive indicator as it is dependant on many factors such as the equivalent circuit 
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used in modelling and can vary not only with the size of the conducting ion, but also 
with dopant, crystal structure and synthesis method. Therefore in summary as the 
CaNd2S4-l0%Nd2S3 material was the only compound in the series, which displayed a 
low frequency response in the impedance data and showed conductivity stability with 
varying H2S concentration, which indicated pure ionic conduction in that material 
only, the increased conductivity values, which were observed in the CaNd2S4 xNd2S3 
materials with increased doping beyond 10%Nd2S3 could be attributed to the onset of 
electronic type conduction within the more highly doped materials and this suggested 
that all materials in the CaNd2S4-xNd2S3 series excluding the 10% doped material 
were at best mixed ionic-electronic conductors. 
The bulk conductivity values for the SrNd2S4 xNd2S3 materials were higher than 
those of the CaNd2S4-xNd2S3 materials, which would be expected if anionic 
conduction were predominant in the materials. The enlargement of the unit cell of the 
strontium material relative to the calcium material while retaining the same space 
group and crystal structure, should improve the ability of ions to migrate through the 
lattice and therefore improve the ionic conductivity. The average unit cell parameter 
for materials in the CaNd2S4 series was approximately 8.53A, relative to the average 
cell parameter for materials in the SrNd2S4 series, which increases to 8.62A. The 
expectation is therefore that the conductivity for the SrNd2S4-xNd2S3 materials 
should be higher than those observed for the CaNd2S4-xNd2S3 compounds. The 
impedance data for the 10% doped material in the calcium neodynium series 
displayed a distinct low frequency response in the impedance data, which is 
characteristic for ionic conductors, however the collected impedance data for the 10% 
doped strontium neodynium compound did not show a similar low frequency effect, 
indicating that there were differences in the mode of conduction for the structurally 
analogous sulfide materials. The fact that the SrNd2S4-xNd2S3 materials showed an 
increase in conductivity, apparently without the low frequency response present in the 
impedance data for any of the materials, suggests that the observed increases in 
conductivity could be attributed to an increase in the electronic conductivity of the 
materials rather than the expansion of the unit cell directly leading an increase in 
ionic conductivity. The collected impedance data for the materials in the SrNd2S4- 
xNd2S3 series indicated that none of the compounds were pure ionic conductors, due 
to the absence of a low frequency response for all materials in the SrNd2S4-xNd2S3 
series and all compounds in the series were modelled using a Jamnik mixed-ionic- 
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electronic equivalent circuit model. The fact that the observed activation energies for 
the strontium neodynium series decreased relative to the calcium neodynium series 
would tend to suggest that any mobile ionic species were anionic rather than cationic, 
since the conduction of strontium ions relative to calcium ions would be expected to 
cause an increase in observed activation energy, rather than a decrease. However the 
low observed activation energies for the materials suggest predominant electronic 
conduction. The conductivity data collected for all SrNd2S4-xNd2S3 materials were 
also not independent of atmospheric concentration changes and the conductivities 
varied with increasing H2S concentration, indicating that all materials in the series 
had some electronic component to their conduction. However, the SrNd2S4- 
20%Nd2S3 material showed conductivity, which was independent of H2S 
concentrations between 1-2% H2S in argon, suggesting the presence of an ionic 
contribution to the conductivity in the 20% doped material over this concentration 
range. In summary, the data for the SrNd2S4-xNd2S3 series suggested that the 
compounds were at best mixed ionic-electronic conductors and that the observed 
increase in the bulk conductivities of the strontium based materials relative to the 
calcium based compounds could probably be attributed to increases in the electronic 
conductivity rather than increased ionic conductivity in the SrNd2S4-xNd2S3 
materials. 
The CaSm2S4-xSm2S3 materials did not show any pronounced low frequency 
responses in the collected impedance data, which would tend to indicate that the 
CaSm2S4-xSm2S3 materials were not pure ionic conductors and the that materials 
may have an electronic component to their conductivity and the materials were 
modelled using a combined Bauerle-Jamnik equivalent circuit model. The activation 
energies for the materials in the CaSm2S4-xSm2S3 series displayed some of the 
highest values among the MLn2S4-xLn2S3 series and the majority of the activation 
energy values obtained for the CaSm2S4-xSm2S3 materials were consistent with 
anionic conduction. The collected data for the CaSm2S4-xSm2S3 series showed that 
with the exception of the 10% doped compound, the conductivity in these materials 
was not independent of H2S partial pressure and that the increase in atmospheric H2S 
concentration caused a change in the conducting species as indicated by the 
decreasing activation energy observed for the CaSm2S4-xSm2S3 materials with 
increasing H2S concentration. Similar behaviour was observed in mixed ionic- 
electronic conducting oxide systems where changing the atmospheric partial pressure 
381 
of oxygen was observed to cause the predominant conducting species in a system to 
change from anionic to electronic and to electronic hole conduction indicating that 
this behaviour is common to both oxide and sulfide type systems. The collected data 
for the CaSm2S4-xSm2S3 materials suggested that the materials show mixed anionic- 
electronic conductivity over the temperature and concentration ranges studied. 
Impedance data collected for the SrSm2S4 xSm2S3 series showed multiple arcs, with 
all materials displaying a low frequency response in the bode plot, which indicated 
ionic conduction in the SrSm2S4-xSm2S3 materials. All materials in the SrSm2S4- 
xSm2S3 series were modelled using the Bauerle equivalent circuit for pure ionic 
conduction, the equivalent circuit, which is fitted and used to model the collected 
impedance data for each sulfide material implicitly characterises that material as 
either a pure ionic conductor e. g. Bauerle model or as a mixed ionic-electronic 
conductor e. g. Jamnik model, with either predominant ionic or predominant 
electronic type conduction. The conductivity of pure ionic conductors is independent 
of changes in atmospheric partial pressure. Therefore the behaviour of the materials 
conductivity with changing atmospheric H2S concentration can then be studied to 
assess the dependence of the conductivity on the atmospheric partial pressure, which 
indicates whether the material shows predominantly ionic or electronic conduction. 
All the compounds in the SrSm2S4-xSm2S3 series showed slight variation of 
conductivity with increasing atmospheric H2S concentration from pure argon to 0.1% 
H2S, with all materials then showing a region of stable concentration independent 
conductivity between 1-2% H2S/argon over the temperature range studied. The 
activation energies for the SrSm2S4 xSm2S3 materials were consistent with anionic 
conduction, particularly in the 20% doped material, which indicates predominant 
sulfide-ion conductivity, therefore the SrSm2S4-xSm2S3 material (where x= 20mol%) 
could find potential application in high temperature (500°C) electrochemical 
membrane or sulphurous gas sensor applications. 
The (n = 2) member of the Ruddlesden-Popper series, Ba3Zr2S7 was successfully 
synthesised and characterised in the tetragonal space group 14/mmm, with cell 
parameters a=b=5.004A, and c= 25.530A. The effect of a common-ion flux on the 
Ruddlesden-Popper phase formation was investigated and it was found that 
compounds, which were synthesised in the presence of a 10mol% BaC12 flux formed 
the double perovskite layered (n = 2) structure of a Ruddlesden-Popper phase, while 
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compounds synthesised without the presence of the flux adopted the simpler, (n = 1) 
type layered structure and formed Ba2ZrS4 under identical reaction conditions in all 
cases. These results demonstrated the crucial role of a common-ion flux in the 
synthesis of (n=2) type Ruddlesden-Popper sulfide phases. 
Initial attempts to substitute the A-site cation in the material with other divalent metal 
cations to form novel (n=2) Ruddlesden-Popper type materials such as Sr3Zr2S7 and 
Pb3Zr2S7 were unsuccessful, with products in all cases forming (n = cc) ABS3 type 
perovskite materials. Attempts were then made to dope the B-site in the Ba3Zr2S7 
material to create materials of the form Ba3Zr1.9M0.1 S6,95, which would then introduce 
anion non-stoichiometry into the layered Ruddlesden-Popper sulfide material, 
multiple attempts were undertaken, however all results showed a two-phase product 
in the diffraction pattern and it was not possible to synthesise a discreet doped phase. 
The third method of attempted stoichiometry modification in the Ruddlesden-Popper 
sulfides involved the B-site substitution of the tetravalent cation in the A3B2S7 
material. Tetravalent cations, which were substituted for zirconium in the attempt to 
dope the B-site in the Ba3Zr2S7 material included titanium(IV), tantalum(IV), 
hafnium(IV) and tungsten(IV). All syntheses involved a common-ion flux which was 
previously established to be necessary for the formation of an (n=2) Ruddlesden- 
Popper sulfide phase. X-ray diffraction and subsequent structure refinement showed 
that the hafnium substituted material Ba3Hf2S7 was formed, although after repeated 
attempts the product contained small quantities of metal sulfide impurities in the 
diffraction pattern and while the novel Ba3Hf2S7 phase was identified and the 
structure was refined, the physical sample phase could not be fully isolated. The other 
target materials attempted for cation substitution were unsuccessful and results 
showed that the titanium, tantalum and tungsten materials did not form single-phase 
Ba3M2S7 type products under all reaction conditions attempted. 
The (n=2) Ba3Zr2S7 Ruddlesden-Popper sulfide material produced a well-sintered 
pellet after annealing with a good degree of densification and the electrochemical 
properties of the compound were investigated using impedance spectroscopy. The 
collected impedance data for the Ba3Zr2S7 material also showed no pronounced low 
frequency effect in either the Nyquist or Bode plots, which was an initial indication 
that the material did not show pure ionic conduction. The collected impedance data 
for the Ba3Zr2S7 material were modelled using a Jamnik mixed ionic-electronic 
equivalent circuit and the Arrhenius plot obtained for the Ba3Zr2S7 compound was 
clearly linear, suggesting that there was no change in the conducting species within 
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the material across the temperature range studied. The measured activation energy for 
the Ba3Zr2S7 material was 0.76eV, which was towards the mid-range of activation 
energies collected for all sulfide materials tested, which could suggest the presence of 
some low level ionic conduction within the material as the value was relatively high 
to indicate electronic conductivity alone. 
The Ba3Zr2S7 compound displayed the highest bulk conductivity value for all of the 
sulfide materials tested, with a value of 5.41x10"3 at 500°C in argon, the high 
conductivity of the material without the presence of any low frequency response in 
the impedance data indicates the presence of electronic conduction within the 
compound. The bulk conductivity of the Ba3Zr2S7 Ruddlesden-Popper compound 
showed significant variation with changing atmospheric H2S concentration and the 
conductivity was found to decrease with increasing H2S concentration also indicating 
the presence of electronic conduction in the material. The high observed conductivity 
value for the Ba3Zr2S7 material, combined with the absence of any low frequency 
response in the collected impedance data and the fact that the conductivity of the 
material varied significantly with changes in atmospheric partial pressure and showed 
a decrease with increased H2S concentration confirmed the presence of significant 
and predominant electronic conduction within the Ba3Zr2S7 sulfide material. 
There were a range of doped complex sulfide materials of the form AB1. XMXS3.,, n, 
which were successfully prepared and characterised, these compounds included the 
BaTi1.,, GaxS3., J2 materials, where x=0-0.15 and BaTal. XYXS3. x/2 materials, where x 
=0-0.20, both of which crystallised with the hexagonal space group P63/mmc with 
approximate unit cell parameters: a=6.75A, c=5.82A and a=6.84A, c=5.74A 
respectively. The compounds all had stable structures confirmed by bond valence 
calculations, with all cations having valences close to their theoretical ideal values 
with ±0.3. Sulfur stoichiometries for the materials in the BaTi1. XGaXS3., and BaTal. 
XYXS3., d2 systems were obtained from Rietveld refined high quality X-ray diffraction 
data and were supported by iodine/thiosulfate titration data ±0.2. The UV/vis 
absorption data collected for the BaTii. XGaXS3., n materials, where x=0-0.20 all 
displayed similar absorption spectra with the colouration of the samples becoming 
lighter with increasing gallium content of the materials. The x=0.20 sample 
appeared lighter than the x=0-0.15 samples which was logical as the gallium 
sulfide dopant was white in colour and undoped barium titanium sulfide is black, so 
any unreacted gallium sulfide dopant phase within the sample would act to lighten the 
384 
colour. The collected UV/vis absorption data showed that the BaTai. XYXS3., j2 
materials where x=0-0.20 all displayed the same general colouration and 
appearance, with all materials having similar absorption spectra, but with the 
colouration of the samples becoming slightly lighter as the yttrium content of the 
materials increased and the x=0.25 sample, which showed dopant impurity peaks in 
the X-ray diffraction pattern appeared slightly lighter than the x=0-0.20 samples. 
The results were analogous to the observations made in the titanium based 
compounds, as the yttrium sulfide dopant was yellow in colour and barium tantalum 
sulfide was dark grey, any unreacted yttrium sulfide phase present within the sample 
would lighten the overall colour and therefore raise the relative absorption spectrum 
for that sample. Another set of doped complex sulfide materials of the form AB1. 
XMXS3. x/2, which were successfully prepared and characterised were the BaZr1, InXS3. 
x/2 where x=0-0.20 and BaHf1. XInXS3., j2 where x=0-0.25 materials. Both sets of 
compounds crystallised with the orthorhombic space group Prima, with BaZr1. XInXS3. 
x/2 and BaHfi., tInXS3., J2 materials having approximate cell parameters: a=7.06A, b= 
9.98A, c=7.02A and a=7.00A, b=9.91A, c=6.99A respectively. Both sets of 
materials had stable structures confirmed by bond valence calculations ±0.3 and 
sulfur stoichiometries for all the orthorhombic materials were obtained from Rietveld 
refinement of high quality X-ray diffraction data and were supported by 
iodine/thiosulfate titration ± 0.2. UV/vis and SEM data collected for BaZr1, InXS3., j2 
and BaHfl. XInXS3., materials, showed that all doped samples appeared physically 
similar in terms of surface texture and colouration, with no significant changes 
observed in the multiple phase samples, where x was 0.20 and 0.25 respectively. It 
was confirmed by powder XRD phase analysis that the BaZrl.,, InXS3_, j2 and BaHfl. 
,, InXS3- samples where x=0-0.15 and x=0-0.20 respectively, were successfully 
doped with indium and the x=0.20 and x=0.25 materials showed multiple phase 
XRD patterns and the data indicated the presence of indium sulfide impurities, which 
suggested that the doping was not successful in those samples. The successfully 
prepared ABI. xMXS3., J2 type sulfide materials were pressed into pellets using the 
minimum PVA binding agent method outlined in chapter 14 and a series of sintering 
experiments were attempted. The AB1. XMXS3.,, pellets showed no significant 
densification at all temperatures attempted up to 1100°C and pellet batches were 
sintered in argon and H2S atmospheres for periods of 8,10 and 20 hours. At 
temperatures above 1100°C the materials began to decompose and react with the 
furnace support, in a similar process to that observed during the sealed tube syntheses 
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of the ABI. XMXS3., J2 materials. Lower temperature sintering such as 900-1000°C 
showed no densification of the samples and resultant pellets would crack and break 
upon diamond brush filing. The low levels of densification and poor sinterability of 
the AB i. XMxS3. xn compounds relative to other complex sulfide materials would limit 
their possible use in high temperature applications. The poor sinterability of these 
complex sulfide materials could potentially be overcome by the development of an 
anhydrous sulfide slurry method, similar to that used in oxide materials, but replacing 
the use of aqueous solvents with unreactive, dry, non-acidic organic solvents 
followed by longer term low temperature annealing in an H2S atmosphere. 
The syntheses of the NaLni. XMXS2., j2 and LiLn1. XMXS2., j2 materials showed mixed 
results across the series, the first set of doped sulfide materials in this group, which 
were successfully prepared and characterised were the NaLal. XNi,, S2., /2 (where x= 0- 
0.15) materials, which crystallised with the high symmetry cubic space group Fm-3m 
with approximate cubic cell parameter: a=5.88A. The NaLa1. XNiXS2. x/2 compounds 
crystallised with stable structures as confirmed by bond valence calculations with all 
cations having valences close to their theoretical ideal values ±0.3. The sulfur 
stoichiometries for the materials in the NaLal. XNiXS2., j2 system were obtained from 
Rietveld structure refinement of high quality X-ray diffraction data collected over a 
15h period and were supported by iodine/thiosulfate titration data ± 0.2. The UV/vis 
spectra collected for the NaLa1. XNiXS2. x/2 materials showed a distinct difference in 
colour and absorption spectra for the single-phase materials where x=0-0.15, which 
had similar appearance and UV/vis absorption relative to the darker coloured, x= 
0.20 sample, which showed dopant impurities in the X-ray diffraction pattern. The 
doped NaGdi. XNiXS2., 2 sulfide materials, where x=0-0.15 were also successfully 
prepared and characterised and the materials crystallised with the hexagonal space 
group R-3mH with approximate cell parameters: a=4.02A, c= 19.96A and a= 90°, 
ß= 90°, y= 120°. The NaGd1. XNiXS2., compounds also had stable structures 
confirmed by bond valence calculations, with all cations having valences close to 
their theoretical values with ±0.3. Sulfur stoichiometries were also obtained from 
Rietveld structure refinement of high quality XRD data collected over a 15h period 
and were supported by sulfur titration data ± 0.2. The UV/vis spectra collected for the 
NaGdi. XNiXS2., j2 materials, showed similar results to the sodium lanthanum systems 
and the compounds showed a distinct difference between the absorption spectra for 
the x=0-0.15 doped materials, which formed pure single phases and showed no 
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impurity peaks in the diffraction patterns, relative to the x=0.20 sample, which 
contained dopant impurities and produced a multi-phase XRD pattern. There were a 
number of materials in the NaLni. XMXS2., d2 and LiLni_XMXS2_, j2 series such as the 
NaNd1. XNixS2. x/2, NaGai. XNiXS2_, j2, NaSml_XNiXS2_, j2, LiGai_XNiXS2_, j2 and LiLal_ 
XNiXS2_, n amongst others, which could not be synthesised and the collected data from 
repeated preparation attempts showed mixed-phase products in all cases, indicating 
that in those materials it was not possible to incorporate the divalent dopant cation 
into the host lattice structure and form a single doped sulfide phase. The successfully 
prepared sulfide materials NaLai. XNiXS2. x/2, where x=0.1 and 0.15 and NaGal. XNiXS2_ 
, where x=0.1 and 0.15, were pressed into pellets using the method outlined in 
chapter 14 and a number of sintering experiments were attempted. It was observed 
that the NaLai. XNiXS2_xa and NaGdl. XNiXS2_, j2 materials disintegrated during sintering 
at temperatures above 1100°C in argon or H2S atmospheres. Therefore sintering was 
attempted at lower temperatures of 1000°C, however the resultant pellets showed a 
poor level of densification during sintering and due to their low density the pellets 
would break and crumble during manipulation. Therefore it was not possible to obtain 
useable impedance data for these materials. The low density and poor sinterability of 
the NaLa1. XNiXS2_, 2 and NaGdl_XNiXS2_, J2 compounds would make the materials 
difficult to work with and would also limit their possible use in high temperature 
applications. The sinterability of the NaLal_XNiXS2., d2 and NaGdl_,, NiXS2.,, 2 materials 
could potentially be improved by the development of an anhydrous, organic sulfide 
slurry method similar to that used in oxide materials, followed by longer annealing 
times in an H2S atmosphere. 
There were a large number of A2. XMXS2.,, and A2. XMXS3., type doped binary sulfide 
materials, which were investigated during this work. The sulfide materials, which 
were successfully doped with first row transition metal cations included the Hfl. 
,, NiXS2. X (x =0-0.15) materials, which crystallised with the primitive hexagonal 
space group P-3m1 with approximate unit cell parameters: a=3.62A, c=5.84A. The 
bond valence calculations for the Hf1. XNiXS2. X materials showed that the doped 
compounds had stable structures, with all cations having valences close to their 
theoretical ideal values ±0.2. The sulfur stoichiometries for the materials in the Hfl. 
XNiXS2. X system, were obtained from high quality refined powder diffraction data and 
were supported by iodine/thiosulfate titration data ±0.05. The UV/vis data collected 
for the Hf1. XNiXS2. X materials showed that there was no significant colour change 
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across the series as dopant level increased, which was observed with some other 
doped complex sulfides investigated. Another group of binary sulfide materials, 
which were successfully prepared and characterised were of the form Zrl., tNiXS2. X 
where x=0-0.15 and these materials also crystallised with the space group P-3m1 
with approximate cell parameters: a=3.66A, c=5.82A. The cell parameters for the 
zirconium compound were slightly larger than those of the Hfl.,, Ni,, S2. X system, which 
reflected the ionic radii of Zr4+ (0.79A) versus Hf 4+ (0.78A). The Zri.,, NiXS2. X 
compounds also had stable structures confirmed by bond valence calculations with all 
cation valences close to their theoretical values ±0.3. The sulfur stoichiometries were 
obtained from high quality refined XRD data collected over a 15h period and were 
supported by sulfur titration data ±0.05. The UV/vis data collected for the doped 
zirconium materials showed that similar to the results for the doped hafnium system, 
there was no significant colour change observed across the series as the nickel dopant 
level increased. The sulfide materials Hf1. XNiXS2. X where x=0.1 and 0.15 and Zrl. 
,, NiXS2. x where x=0.1 and 0.15, were pressed into pellets using the minimum PVA 
binding agent and various sintering experiments were attempted. The A1. XMXS2. X type 
sulfide materials were sintered in both argon and H2S atmospheres at a range of 
temperatures. The results showed that the doped binary sulfides disintegrated at 
temperatures above 1000°C and the materials showed a very low level of sinterability 
relative to the other complex sulfide materials. Samples sintered at 900°C for 10 
hours showed almost no densification and as a result the pellets would crack and 
disintegrate during diamond brush filing. The low density and very poor sinterability 
of the A1. XMXS2. X type sulfide compounds would make the materials difficult to work 
with and would also limit their possible use in high temperature applications. It is 
possible that prolonged sintering for a period of approximately 1 week at lower 
temperatures such as 800°C could improve the strength of the A1. XMXS2. X pellets, 
however previous H2S sintering tests have shown that longer heating times at 
temperatures of less than 900°C do not significantly affect sulfide pellet densities and 
as discussed previously the sintering process is thermodynamically controlled, which 
dictate that reaching the threshold sintering temperature has significantly more effect 
on final pellet density than extending the duration of the sintering period. The Hfl_ 
,, NiXS2.,, and Zri. XNiXS2. X materials had the lowest synthesis temperatures of all 
complex sulfides investigated and were prepared at 800°C. These results confirm the 
fact that pellet densification and sulfide material sinterabilities are related to the initial 
synthesis temperatures. 
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The Ba2In2S5 sulfide material was successfully prepared and characterised with the 
Pbca structure and with approximate orthorhombic cell parameters: a= 13.16A, b= 
12.72Ä and c= 11.78A. The orthorhombic Pbca sulfide lattice structure contrasted to 
the orthorhombic Icmm structure of the oxide analogue compound Ba2In2O5. While 
the compounds Ba2In2O5 and Ba2In2S5 do share some characteristics, such as In3+ 
tetrahedra and an orthorhombic unit cell, the prepared sulfide compound Ba2In2S5 
which crystallises with the Pbca unit cell, is not isostructural with the Brownmillerite 
type, Icmm oxide compound Ba2In205. Oxide-ion conductivity within the Ba2In2O5 
system has a close relation with the ordering of oxygen vacancies in the crystal 
lattice. 1 It is the alternating layers of octahedra and distorted tetrahedra present in the 
ambient temperature, Icmm structure of Ba2In2O5, which leads to trapped oxide 
vacancies between the layers, and it is the reorganisation of these vacancies at high 
temperature, which is primarily responsible for the anionic conductivity in the 
Ba2In2O5 oxide material. Sulfide compounds of the form A2B2S5 with the 
orthorhombic Pbca structure, such as Ba2In2S5, do not possess the same crystal 
structure as the anion conducting Ba2In2O5 oxide material. However, as discussed 
previously, materials, which adopt the orthorhombic Pbca type structure at ambient 
temperature, such as the oxide material KA1O2, have been shown to undergo 
structural transitions at around 500°C from the ambient temperature orthorhombic 
Pbca structure to high temperature cubic forms, which may display analogous anionic 
conductivity. The Ba2In2S5 sulfide material produced a well-sintered pellet after 
annealing with a good degree of sample densification and the electrochemical 
properties of the material were analysed using impedance spectroscopy. The collected 
impedance data for Ba2In2S5 showed three clear arcs in the Nyquist plot, (high 
medium and low frequency), which was a strong initial indication that the material 
was an ionic conductor. The Bode plot for the Ba2In2S5 material also showed high 
and medium frequency responses as well as the characteristic low frequency response 
associated with ionic conduction. The collected impedance data for the Ba2In2S5 
sulfide material were modelled using the Bauerle equivalent circuit model for pure 
ionic conduction and the Arrhenius plot for the Ba2In2S5 material was linear across 
the temperature range studied inferring no change in the conducting species. The 
activation energy for ionic hopping in the Ba2In2S5 material was also around 1eV, 
which was consistent with anionic conduction. The conductivity of the material was 
tested under conditions of varying atmospheric H2S concentration to investigate 
whether the conductivity was independent of changes in atmospheric partial pressure 
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and the collected data showed that the conductivity for the Ba2In2S5 material was 
stable from pure argon to 2% H2S/argon over the temperature range 350-550°C, 
confirming ionic conduction in the Ba2In2S5 material under these conditions. The 
collected impedance data combined with the relatively high activation energy value 
for the Ba2In2S5 material and the observed conductivity stability with changing 
atmospheric H2S concentration strongly suggests that the Ba2In2S5 compound 
displays sulfide-ion conductivity under the conditions studied. Therefore this material 
could find potential application in high temperature (500°C) electrochemical 
membrane or sulphurous gas sensor applications. 
The successful development of new sulfide-ion conducting electrolytes is dependant 
on a number of factors; firstly the candidate material should possess anion non- 
stoichiometry and have sulfide vacancies in order to allow ionic migration of S2" ions 
through the lattice. The sinterability and other physical machining properties are also 
crucial for the useful application of a novel sulfide electrolyte material. Non- 
stoichiometric doped complex sulfides can show a wide range of physical and thermal 
sinterabilities and particularly in the case of sulfide sintering, it is important to get a 
sufficiently high level of densification during the annealing process, in order to get a 
pellet or membrane, which is non-permeable to gases and which truly represents the 
structure and properties of the prepared material. The degree of sinterability for each 
of the prepared sulfides investigated throughout this work appeared to correlate with 
the synthesis temperature and the homogeneity of the materials, for example the 
MLn2S4-xLn2S3 materials, which were doped with an excess of a common-ion 
(Ln2S3) dopant and prepared at 1200°C, could be readily sintered at temperatures of 
1350°C and the resultant pellets produced stable impedance arcs in E. I. S analysis. 
However, the Hfl.,, NiXS2. X and Zrl.,, NiXS2. X materials, which included Ni2+ ion dopants 
on tetravalent hafnium or zirconium sites and were reacted at just 800°C, showed a 
significantly poorer degree of sinterability and densification under all conditions 
attempted. The physically unstable pellets would produce highly scattered data and it 
was not possible to obtain stable impedance arcs for these materials. The binding 
agent used prior to pellet pressing was varied in attempt to improve the pellet 
sinterability of the materials, however this did not have any discernable effect on final 
pellet stability. Due to their lower reactivity, analogous oxide materials can be 
prepared in slurry form with large quantities of aqueous binding agents and then fired 
at temperatures exceeding 1500°C to produce highly dense sheets of oxide material. 
390 
This provides a significant synthetic advantage when attempting to produce dense 
membranes. The increased relative chemical reactivity of complex sulfides when in 
intimate contact with liquids and especially involving high temperatures makes the 
slurry method unviable. The most applicable preparation method for complex sulfide 
pellets, in order to minimise reactivity of the material and the associated release of 
H2S gas, which would affect the chemical stoichiometry and thus the resultant 
conductivity of the material being tested, involves the minimal addition of binding 
agents (1-2 drops) and then the following compression of the dry mixture, as outlined 
in chapter 14. Using these methods it was possible to assemble solid-state sulfide 
electrolyte cells and obtain stable impedance arcs from E. I. S analysis for all densified 
sulfide materials. An additional difficulty, which was found to be associated with 
research into high temperature sulfide-ion conductivity, was the apparent reactivity of 
complex sulfide materials with applied platinum and gold electrodes at elevated 
temperatures, making the use of these electrodes unviable for impedance 
spectroscopy and conductivity measurements. This represents a significant 
disadvantage in working with sulfide materials vs oxide materials, which can be 
readily coated with gold or platinum electrodes with minimal reactivity issues. Future 
work into potential sulfide-ion conducting materials should therefore avoid the use of 
painted/coated electrodes used for any electrochemical measurements and should 
ideally involve disordered and non-stoichiometric complex sulfide materials with 
high synthesis temperatures (above 1000°C) in order to maximise effective sintering 
temperatures. This work has shown that complex sulfides show a range of properties 
and characteristics and that structure-property relationships are an important factor in 
determining whether a particular sulfide based material will accept a dopant cation 
into the host lattice and lead to the creation of non-stoichiometric sulfide phases. It 
was also established that the synthesis of complex sulfide phases based on structurally 
related oxide-ion conducting materials, as well as the doping of sulfide materials to 
produce disordered and non-stoichiometric sulfide phases can both be useful starting 
points for the search for anion conducting sulfide materials. 
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